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A STUDY OF THE MAGNETIC AMPLIFIER 



ABSTRACT 

In this thesis an attempt has been made to 
determine the fundamentals of magnetic-amplifier perform- 
ance both from experimental and theoretical studies. 
Although the steady-state behavior of the magnetic 
amplifier has been disoucsed in some detail in the 
literature, relatively little concrete information la 
available in regard to the dynamic performance. Studies 
have been made in the thesis to put circuit performance 
on a Quantitative basis. Steady-state behavior has been 
expressed in the form of modulation characteristics and 
power-gain and power-output curves. The dynamics of the 
system are expressed in terras of effective characteristic 
tirae as determined by means of both transient and fre- 
quency-response data. 

The major portion of the effort was directed 
towards the investigation of the basic-amplifier circuit 
without feedback. The nonlinear loop-equilibrium differ- 
ential equations which describe this system were set up 
and solved by means of the M.I.T. Differential Analyxer 
No. 1. Solutions thus obtained were then compared with 
experimental data. Satisfactory agreement between analytic 
and experimental steady-state performance was observed. 
Significant differences were noted, however, between ex- 
perimental and analytic transients. Although the control 
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circuit appears to h^ve been adequately described by the 
equations, the neglect of the functional dependence of 
core lose upon carrier-circuit constants end exeltatlon 
introduced considerable error In the analytic transient. 

The value of the differential analyser has not been con- 
fined to providing rapid solutions of difficult nonlinear 
equations, but is enhanced by giving a physical olgnlfi- 
eanoe to the equations which ie acquired from observation 
of the relative shaft motions whloh represent system vari- 
ables. 

Upon completion of the studies of the baslo cir- 
cuit, the remaining available time was allotted to experi- 
mental investigation of regenerative ampere-turn feedback. 
Careful balance of the feedbaok meotifler-brldge was found 
necessary to maintain symmetry in the carrier-current wave- 
form. Further etudy of the feedback connection Is indi- 
cated. 

The magnetic-core met oriel used in the saturable 
reactors was three-all Allegheny Electrical Alloy #^750 
which had been given n special magnetic anneal to produce 
high initial permeability and a sharp break at the kne© of 
the magnetization curve. This was the best available 
material, although better cores now exist. The normal 
magnetization curve, which was measured by ballistic gal- 
vanometer techniques before winding the amplifier cores, 
was used In the machine solution as the nonlinear function 
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relating flux ana magnetizing force. 

The results of the amplifier studies indicate 
the way in which the various circuit parameters affect 
gain and bandwidth. It has been shown that a compromise 
between the t*x>, consistent with the requirements of any 
specific application, must be sought. The principal 
limitation of this highly inductive device is its in- 
herently narrow bandwidth. The use of positive feedback 
permits an improvement in the power gain by a factor of 
100 or better, with an accompanying reduction of the 
pass-bend. Further studies should indicate whether or 
not nn overall gain- bandwidth Improvement can be expected 
from the feedback connection. 
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A 3TUDX OF THE KAON^TIC AMi LIFIart 



CHAPTER I 
IHTHQDUCTIOB 

The Magnetic Amplifier 

Throughout the lent thirty year#, the u#e of the 
vacuum tube In all type# of electrical circuitry ha# become 
widespread. The versatility and adaptability of this unique 
device has made it an indispenslble part of the physical 
world, and it# application ha# made possible scientific ac- 
complishment# which were undreamed of at the turn of the 
century. In 1925* however, the Invention of the dry-di#e 
rectifier by L. 0. Orondahl marked the beginning of a period 
in which effort# were directed by many engineers toward the 
development of simple device# which would replace the vacuum 
tube in certain application#. This direction of Interest 
into component# which »i$it compete with the vacuum tube, 
it should be remembered, occurred at a time when the use and 
application of the vacuum tube w«e in marked ascendancy, and 
it is obvious that a very small portion of the interest of 
the eleo tried engineering profession was dlreoted into the 
more uninteresting competitive components when the trlode and 
its variations seemed to supply most existing needs. 

In the past decade. Interest in vacuum-tube sub- 
stitute# has achieved a new momentum marked by the practical 
use of germanium-diode and silicon-diode mixers and detectors 
in high-frequency-communications circuits, extensive utilize- 
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tion of dry- disc rectifier* of the selenium type in power- 
supply circuits, the use of mechanical rectifiers in power 
circuits, the development and application of the magnetic 
amplifier, and very reoently, the introduction of the Bell 
Laboratories' "transistor** amplifier. The inevitable re- 
placement of the vacuum tube In many useful applies tions 
is a foregone conclusion, and undoubtedly the magnetic am- 
plifier, when its dynamic and steady-state behavior is 
fully understood, will provide a useful addition to the 
toole of the electrical engineer. 

Amplification is obtained in the magnetic ampli- 
fier through utilization of the saturation effects in sn 
iron core under excitation by either an alternating current 
and a direct current, or by two alternating currents of 
different frequencies. The raegnetio amplifier is a direct- 
current amplifying circuit of the carrier-frequency type in 
which the carrier is modulated by an input signal in a 
magnetically biased saturable-reactor unit. The amplified 
input elgnal is subsequently recovered in a demodulator 
system. The inductance of the magnetic circuit of this 
type is high, and an Inherently slow time-response is asso- 
ciated with highly inductive devices of this type. Inves- 
tigations of magnetic amplifier circuitry require attention 
to the improvement of either the gain or the time-response 
of the amplifier without undue seorificc of the other factor. 

The magnetic amplifier was originally developed in 
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successful form in 1912 by E. F. W. Alex^nderson, of the 
General Electric Company, who used the device sis on ampli- 
fier-modulator for voice- frequency amplitude-modulation of 
the output of a radio- frequency alternator. The magnetic 
amplifier enjoyed an early prominence In the field of wire- 
less communications, but was coon superseded by the 
vacuum-tube amplifier as the triode was perfected and 
applied. 

During the period between the great Vorld Wars, 
various improvements of the magnetic amplifier appeared. 

The perfection of the dry-disc rectifier in 1925 provided 
the necessary component for the construction of a tubeless 
amplifier, the use of caseaded magnetic amplifiers, and the 
use of regenerative-feedback for the improvement of magnetic 
amplifier gain. In general, however, magnetic amplifier 
development was retarded because of the Intense Interest in 
vacuum-tube circuitry. 

The nonlinear character of the inductance of the 
seturable core has made analytical study of the magnetic 
amplifier very difficult. Various methods of approach in- 
volving linear approximation of the magnetizing character- 
istic have been developed from the original method proposed 
by A. Boyajian in 1931* general, however, most magnetic 
amplifiers have been designed from empirical considerations. 

In the years preceding the outbreak of the recent 
war, German engineers recognized the fact that improvements 
in magnetic materials and in rectifier units gave the mag- 
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netic amplifier a new potential value. Extensive studies 
were conducted in Germany during the War, end the successes 
of these researches have been viewed with great Interest In 
this country end In England. 

Ihe time-response problem has been studied rather 
extensively at the Servo we chan lews Laboratory at the Massa- 
chusetts Institute of Technology. Degenerative-feedback 
techniques were applied to this problem, but results were 
not wholly encouraging, primarily because of the low quality 
magnetic materials from which the cores were constructed. 

The device has, however, proved to be a satisfactory servo- 
amplifier for limited application* when the period of cyclic 
variations of the system is long. 

The magnetic amplifier le admirably suited to many 
military and industrial applications In which ruggedness 
and freedom fro® the need for frequent attention are of 
paramount Importance. In contrast with the vacuum-tube 
amplifier, the magnetic device is totally shook and imp&et 
resistant, is not subject to deterioration with age or with 
use, nnd, with proper design, may display efficiencies of 
the order of 90 f*. The vacuum tube amplifier represents a 
variable ohmic resistance, and le, therefore, an inherently 
lossy device. The magnetic amplifier can be designed to 
be nearly purely reactive, and is, therefore, capable of 
theoretically lossless performance. Magnetic amplifiers 
are free from the need for complicated power supplies since 
all power is furnished by an a-c source. The magnetic 
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amplifier can provide high gains while maintaining compact 
construction. 

The response of the vacuum- tube amplifier is es- 
sentially, within the designed band-width, independent of 
frequency. The magnetic amplifier, being a reactive device, 
ie frequency dependent in response over a relatively narrow 
band. The inductive inertia of the magnetic amplifier has 
been a constant restraint against the use of the device. 

Tiie nature of this inductive effect is discussed in this 
report. 

Tiia availability of new superior magnetic mater- 
ials and efficient rectifier units has given the magnetic 
amplifier renewed prominence, and there is promise that 
the magnetic amplifier will soon find far wider acceptance 
and use. 

Elementary Theory of Operation 

The magnetic amplifier ia a particular adaptation 
of the saturable- core reactor. Power magnification is ob- 
tained through utilisation of the variation of the permeabil- 
ity of the core material of the reactor in the region of the 
knee of the normal magnetlsotion curve. The incremental 
permeability of ferromagnetic coresaay be defined aa ths 
ratio of the Incremental flux density in the material to 
ths incremental value of the applied magnetizing force. 
Furtherraore, the incremental Inductance of s, wire-wound 
core of this type ie a function of the incremental permen- 



>SI - ' 





' * J% "• * :b ‘ ri «V «'»*“>• 1. v* ;x * ti 

... .1 T 1 « r.lr 

«r nWliiiyB* »>v<«fn >>4 — t H V t ” 


>• 


'1 ••■ ..» . .‘f-i «■ 1 P. - 


IkiMAniV Mil ftlnti* 




-0, fv • »i Ml . / » 


, ' Aj ; — k /? . • r: 


•tow* M 


MM 


* t W " *• >‘ * 


• HPtfit lr/ Mwiyl «B 


vnorit li 


• a 




•• 4 T W ttflPiU efXrdk'i-Ai 





. . ; 1 m *.L* . • • , . — • ... , r 

•ft* •• ivm* «'f 3 «'<v **. mi 

^ • 

•%•!■■ •!»•%-«• %m«uk v« > vi-»( io*f» 

!!««'««« mh *i i tlxw »* j; A -« VflAteinA M» «I«i 

Mf ««lwvq «i »Wf tot 4 4<wOm« -w-.pi.vi -r»l\tl ^ 

**^*6 '*»?.• •ul h Milt hi^» lift* t r> kt\+* t»ilM%4i »/tl 

.* 4 i: r«* 



-• ■•^. 4 »r ' a fn hs i ,j . i.. . . : - . ^ . 

h)p •! %i.. -ya ihiI . » .- >« 

-U*+»mm i w?V 1# wtf^pf wf" H t+U+sllAJu * «*u»> |i (< 
'-•<* *■> M*- r l ■« ••♦•« *i I ^*«I M . i ; «n - - «*’U* 4-.14 V-, 

r„j. >•--»»*. • •«* , • t . .. . \, v > 

•• «• . -• . . i * >>’!;•# «■ 

OP lAtrw4«M MV Hi Ui(T I 14 V )p r 

. '-.o: „ < -. . . .— *»-•<■. u 

• t» ■MMltwit'U •% i 19 /I 

' 

-owrr*^ If wiH fli trff It r*ti***n 4 ^ t<U tl4V U *o<*» 



13 



billty. Figure 1-1 illustrates the variation of flux 
density and psrmeabillty with magnetizing force. It la 
clear, froia the figure, that in the region of tho knee of 
the no real magnetization curve there ie a rapid, change in 
permeability, end consequently of inductance, with relatively 
email change® in magnetizing force. 

As shown in Figure 1-2, a typical magnetic ampli- 
fier consists of a pair of properly-wound toroidal cores, 
the alternating-current series circuit is composed of a 
high power a-o source, a load, and the a-c windings on the 
cores. The a-c source supplies essentially sinusoidal flux 
variations to the cores. The direct-current colls are 
connected in aeries opposition such that the induced funda- 
mental alternating voltages in these coils are balanced out 
across the Input windings. A source of low-level d-c or 
slowly fluctuating a-c power is supplied to the input ter- 
minals. 

A slight change in the d-c control current will 
cause a large variation in the inductance of the a-o wind- 
ings. This variation will effectively modify the total 
impedance presented to the a-c source in a manner related 
nonlineorly to the instantaneous magnitude of the control 
current. Such action will amplltude-modulate the voltage 
supplied by the a-c source with the signal applied to the 
control windings. The signal is then recovered from the 
carrier circuit in a syeten of dry-diac demodulators. Since 
the eource voltage wae applied at a much higher power-level 




FIG. 1-1 NORMAL MAGNETIZATION CURVE. 




FIG. 1-2 BASIC MAGNETIC AMPLIFIER 
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thtn the control current, overall amplification of the 
control signal la obtained. 

Figure 1-3U) depicts the normal magnetisation 
curve of a typloal mrgnetlo amplifier under excitation of a 
slnu sol dill flux as is shown in Figure l-3(b), when a small 
control magnetizing force, la applied to the control 

windings. A simple graphical construction will give wave- 
forms of the resultant a-c circuit magnetising forces ex- 
pressed in ampere-turns ae shown in Figure l-3(e) . ihe use 
of hanxonle analysis will permit the separation of the even 
and odd harmonic terms of the magnetising currents. Buch 
an analysis will indicate that the odd-hamaonlo terms are 
of the sitae magnitude and sign, while the even-harmonic 
terms are of equivalent magnitudes, but of opposite sign. 
These magnetising forces are plotted in Figure 1-4. If the 
a-e colls of the amplifier are connected in caries, and if 
the impedance of the d-c source is low, the phases of the 
harmonics will then be such that the even-harmonic current* 
will flow in the control circuit, while the odd-hermonlc 
currents will flow as an output current in the a-o circuit. 
Actually, then, it Is the odd-harmonic current* in the fi-o 
circuit which are modulated by the applied control aigaals* 
Magnetisation of the cores under these conditions is desig- 
nated as "natural* magnetization. If, on the other hand, 
the cores are connected in series and the impedance of the 
d-c circuit is high to second-harmonic frequencies of the 
applied carrier, the second-harmonic currents or* unable 
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(c) MAGNETIZING FORCE AS A FUNCTION OF TIME. 




(a) (b) 



FIG. 1-4 (a) HARMONIC COMPONENTS OF MAGNETIZING FORCE IN 
CORE NO. I . 

(b) HARMONIC COMPONENTS OF MAGNETIZING FORCE IN 
CORE NO. 2. 



17 



to flow, end the condition of magnetisation known a a "con- 
strained" magnetisation will prevail. Thle report will 
deni primarily with the magnetic amplifier under “natural* 
magnetisation. 

hature of t he Thesis fttudy 

The first phases of tills study are devoted to in- 
vestigations of the magnetic characteristic* of magnetie- 
oo re materials which will present optimum performance in 
magnetic-amplifier circuitry. The performance of the ampli- 
fier is associated with the normal Induction ourve of the 
core-material and the performance is Justified with 
mathematical relationships whenever linear approximations 
are possible. Comparison of available magnetic materials 
Is made and the choice of the material from which the cores 
were constructed is Justified by empirical and theoretical 
considerations. In oonnection with this phase of the work, 
magnetic character! sties of the available materials wsre 
measured. 

The second phase of this investigation involves 
an experimental study of the basic magnetic-amplifier 
circuit. An experimental magnetic amplifier was designed, 
and an extensive series of laboratory tests were conducted 
on this circuit. The effect# of the magnitudes of the load 
and input rssi stances, frequency and magnitude of the a-e 
source supply voltage, number of turns on the lnp>ut and 
output circuits, and magnitude of the control current on 
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gain of the amplifier, power-output of the device, and 
dynamic response of the system were observed. Dynamic 
response of the amplifier was observed for both step- func- 
tion* applied to the input circuit and for sinusoidal 
variations of the control voltage. Effects of the various 
parameters on gain and power output are based on steady- 
state operational considerations. the observed variations 
are correlated with theoretical considerations and explained, 
whenever possible, by the use of accepted foraulne. 

She third phase of this Investigation is comprised 
of an analytic study of the magnetic amplifier based upon 
solution of the nonlinear equations of circuit operation 
on the #1 Differential Analyzer. A set of simultaneous 
differential equations describing the behavior of the am- 
plifier circuit was prepared, and ft series of analytical 
solutions to thess equations was obtained me thematically 
on the analyzer* Circuit parameters for these theoretical 
solutions were made to closely approximate the actual ex- 
perimental parameters under which laboratory observations 
were made. The analytical solution was found to be an 
invaluable aid to the understanding of olrcuit performance. 
The results of the analytical solutions ere correlated with 
observed phenomena. 

The use of positive, or regenerative, feedback 
was investigated in the fourth phase of this study. Again 
the effects of variations in the circuit parameters were 
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observed experimentally. uteaoy- state and dynoolc char a o- 
t eristics of the feedback circuit are dlecuesed and explained 
on tlie basis of Information obtained on experimental and 
analytical etudies of the basic circuit. 

In the final phase of this study, certain design 
criteria are established. These criteria are breed on 
analytical and empirical consideration* of the performance 
of the magnetic -amplifier circuit. The nature of the gain, 
power output, and dynamic performance of the amplifier are 
correlated, and definite criteria for Methods of design for 
a particular performance arc formic ted. In connection 
with these considerations, a typical magnetic-amplifier de- 
sign is carried out. Finally, a series of suggestions for 
future work in this field is presented. 
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CHAPTER II 

THE MAGNETIC CIRCUIT 

Introduction 

Since the action of the magnetic amplifier depends 
In a large measure upon the ferromagnetic properties of Its 
saturable -reactor unit, the design of the magnetic circuit 
Is of utmost importance. Considerations involved in the se- 
lection of the core material, the measurement of its proper- 
ties, and the winding of the reactors will, therefore, be 
discussed in detail. 

Selection of the Cores 

The factors whioh must be investigated in choosing 
the magnetic circuit for magnetic-amplifier design are: 

1. Normal magnetisation curve, 

2. Permeability, 

3. Saturation flux density, 

4. Core losses, 

5. Core shape. 

These will be discussed in order and their significance in 
relation to the amplifier design will be pointed out. 

The normal magnetization curve of a ferromagnetic 
core is a qualitative sensitivity-index for a magnetic am- 
plifier utilizing such cores. To achieve the highest ampli- 
fier sensitivity, the magnetisation curve should have the 
idealized fora shown in Figure 2-1, which exhibits a finite 
discontinuity at the origin. This idealized function is 
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often used In the literature as an approximation in the 

i 2 

analysis of Magnetic -amplifier performance.^* Such & 
function Implies, of course, infinite Initial permeability 
and no hyeteretlc effects. The manner in which the rsng- 
netl/.ation curve indicates amplifier sensitivity can be 
seen by plotting the static permeability as a function of 
direct magnetising force from the defining relation 

H m | • <*-i> 

for the idealised case this function is shown in Figure'2-2. 
Hie transfer characteristics of the amplifier depend upon 
the variation of inductance with direct magnetisation, and 
hence upon the permeability, since the inductance is directly 
proportional to the permeability. The steeper the elope of 
the permeability function, the more seneltive will be the 
amplifier. Comparison of the Ideal static-permeability func- 
tion with the measured functions of two different magnetic 
materials, which are shown in Figures 2-9 and 2-10, reveals 
that the sensitivity of the practical iwoolifier is less than 
that of the ideal amplifier. This criterion is only of 
qualitative interest because the reactor inductance depends 
not upon the static permeability but upon the incremental per- 
meability, there being no direct mathematical relation between 
the two. Although it is smaller than the etc tic permeability, 
the incremental permeability esthlbits, however, the came 

1. Loren, U., ’’The Iraneduotor, a D.G. Pre-Sa turn ted Reactor, * 
(Stockholm, Seeelte Aktlebolag, 19 J K5)- 

2. Rex, H.B. , "The Transduotor, * Instruments . 20 . (19^7) > 
1102-1109. 
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FIG. 2-1 
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general trend for a given alternating flux-density amplitude, 
and renders the above-cited criterion of practical interest. 
This criterion is particularly valuable as a guide to the 
Metallurgist seeking to improve the properties of core mater- 
ials for magnet ic-ampllf ier design. Several ways of defining 

1 P 

incremental permeability appear in engineering literature. * 

It may be defined as 

'Yoo = £■* (2.2) 

H rras 

in which the root-mean- square values of alternating induction 
and magnetization are taken. If one of these quantities is 
assumed sinusoidal, the other will not have a olnusoidal wave- 
form because of the nonlinearity of the magnetization curve. 
Incremental permeability, therefore, is merely a definition 
which has meaning only in the sense in which defined, in this 
case being the ratio of the root-mean-cquare values of the 
alternating components of B and H. 

The saturation flux-density is of importance in 
determining the relation between the oross-seotional core area, 
the carrier voltage, the corrler frequency, and the number of 
turns in the carrier rinding. The carrier circuit power 
supply is a sinusoidal- voltage eource which gives rise to an 
alternating sinusoidal flux in the cores provided the imped- 
ance of the input circuit Of the induced even-harmonic volt- 
ages Is kept low. Under this condition, the magnetization is 
natural. If the impedance of the input circuit to these 

1. Larason, H.W. , *A1 ternuting-Current Measurements of Magnetic 
Properties, * I.R.fi. Prop. . 36 . (1943), 266-277* 

2. M.I. 'f. Staff, " '’iiagnetic 'Circuits and rransformers, " (New 
York, John Wiley & Sons, 194-3) » 19^. 
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even-harmonic voltages is high, the Magnetisation is con- 
strained and the eore flux is net sinusoidal,* The present 
studies involve only natural aegnetization, a high-pass 
filter being shunted across the input winding's suoh that It 
offers a high impedance to the signal- frequency currents and 
yet insures a low-iapedanoe path for the even-hanaonics of 
the carrier frequency. Under theue conditions the flux in 
the oore »&y be derived frosa the law of induction, 



where 




P s / A * - dt 

I 

r - COSO. r>t 

to 2 



dt 



(2-3) 

( 2 - 4 ) 

( 2-5) 



( 2 - 6 ) 



e is the voltage across the carrier winding of 
one re ctor, 

$ 1* the flux in weber t, 

is the flux density in webere/aq. weter, 

A is the cross- sectional core crew in eq. »* ters, 
w 2 the angular carrier frequency, 

Kg is the muabtr of carrier turns on one core, 
ith zero direct aagnetlsntlon and with the carrier windings 
connected in series, the alternating voltage across one re- 
actor will very nearly equal one-half of the carrier voltage, 
the difference being a result of the voltage drop In the 
load caused by the exciting current. For beet amplifier 

1, Rex„ H.&. . “The Trnnsductor, 9 instruments, 20, (1947), 
1102-1109 
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performance, the flux density In the cores should he so »d- 
Justed that for no direct magnetisation the flux-density 
amplitude Just reaches the knee of the magnetisation curve. 
If the flux-density amplitude la chosen too large, the ex- 
citing ourrent rill be excessive. If too grail an amplitude 
la chosen, the linear portion of the modulation character- 
lstlc will be severely restricted. These effects may be 
seen by referring to the modulation character! sties shown 
in diopters III and V. The olrcuit parameters which racy be 
adjusted to achieve this condition, consistent with other 
considerations such as power output, aoace and weight, band- 
width, and linearity, are A, Eg, andtug. 

Because it is ft variable reactance, the ra*»*pietio 
amplifier is ideally a lossless circuit In contrast Kith 
the electronic amplifier, which ie a variable rca 
and Inherently dissipative. For effiolont operation, the 
core and copper losses in the orgnotio amplifier should be 
mlniniEed. Or, 3iated in another fashion. It Is desirable 
to mininict the exciting current of the saturable reactors 
and to obtain a coil with ae hi$i a 0. n s possible. Exciting 
current which flows in the load when no signal la applied 
represents a useless component of load power. It has the 
further disadvantage of causing cumulative saturation when 
magnet! c-ataplif icr ctcgas are cascaded. If the demodulated 
exciting- current output of the first *oge tere fed to a 
second stage of eapll flection, a signal would flow in tils 
second stage tending to saturate this stage even though no 
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signal had been applied to the first stage. This cumulative- 
saturation effect In cascaded amplifiers must usually be 
compensated for by one method or another. 1 

The core-loss is made up of two components, 
hysteresis and eddy-current loss. Hysteresis loss may 
usually be expressed by the relation 

= 7 V f/ b (2-7) 

is the hysteresis power loss, 
is the Steinmetz coefficient, 
is a constant of the material, 
is the core volume, 

is the alternating^-current frequency, 
is the maximum flux density. 

This formula is strictly applicable only to a oore which is 

p 

in the symmetrically cyclically magnetized condition. " 

Since the magnetic amplifier is asymmetrically magnetized 
by virtue of the superposed direct magnetization, the validity 
of this formula applied to a magnetic-amplifier circuit is 
open to question. It serves to point out, however, that the 
hysteresis loss is a function of both the frequency and the 
quality of the core material, Since the carrier freouency 
will be limited by the available alternating-current source 
or by bandwidth requirements, hysteresis can be minimized by 
proper selection of core material. Another manner in which 

1. FitzGerald, A.S., "Magnetic Amplifier Circuit s-Neutral 
Type," J.F.I. . 244 . (I9 ll 7), 249-265. 

2. M.I.T. Staff'j" " Magnetic Circuits and Transformers," (New 
York, John Wiley & Sons, 1943)* 129-130. 
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hysteresis ral^ht bo reduced 1* by making use of the blmen 
effect.'*- If an eleotromrgnetlc device Is excited by cur- 
rent of a given frequency. It ie po eel bis to reduce the 
hyateresle loop for the low frequency by the superposition 
of a second alt or ha ting- current of considerably higher fre- 
quency, the effect being that the high- frequency current 
supplies most of the hyateroeie lose, fill* method of ap- 
proach to the hy at ere si ©-reduction problem, however, would 
require an additional alterno ting-ourrent eouroe of higher 
frequency than the carrier. If such additional winding* 
were used, the available window space would be reduced. 

Kf facts of intersaodulation also would have to be considered. 

‘file other component of core loss is that of eddy- 

current dissipation, This may be written to a first approxl- 
2 

n tlon ae 

r . • VV$? t 

where 

ie the eddy-current power loss, 

*“e is n constant of the materiel, 
f ie the alternating-current frequency, 

T is the lamination thlulav- ea, 

(3> n ie the maxlaucs flux density, 

V is the ocr» voluae. 

lo minimise eddy- current loss It ie parent tl*» t Vm core 
should be kept small, the material should .o««e<4 ■ » Mgh a 

1. Sliaen, . "iilgh-Zraquency Detector/’ Patent 

U 91 «T. 

2. JS.I.T. St‘-ff, ‘’kegnetic Circuit* and Trnnefora- rs,* (New 
Xork, John Wiley £ tons, 19^3), 132-13^. 
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resistivity a* possible consistent with the Magnetic proper- 
ties, the Material should be as thinly Ifjsiru ted as practic- 
able, and the Interinralnar insulation should be efficient, 
dp 1 rn 1 ly-',yo uni tapes of one-mil thickness are now commercially 
etva liable, end the processing of even thinner tapes is in the 
development*! stage. 

A further effect of the eddy currents ia to distort 
the flux by reducing the field et tho center of the l»«lna- 
tlons. This effect increases with frequency as the akin depth 
of the eddy currents decreases. This effect, known as eddy- 
current shielding, reduces the effective crose-eoctlonal area 
of the core. 

The ehepe of the magnetic circuit is, likewise, an 
important considers tlon. Currently used configure tiona in- 
clude the twin- toroidal, the three-lagged, and tho four-legged 
saturable reactor units, Illustrated in Figure 2-3. A* pre- 
viously discussed, the permeability must be maximized for 
optimum performance, and hence the presence of even a minuta 
nlr gap must be avoided. Thin requirement indicate* that 
dust cores or interleaved punehings should be avoided, 
stacked annular laminations or spiral ly-vound tape© are 
preferred. Since it ia desirable to keep the coupling between 
the windings ns hi"h ca possible, the leakage flux must be 
minimized. The toroidal- core reactor, in which o* eh winding 
is distributed over the entire periphery, offers the beet 
solution to this problem. The advantage of the three and 
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four-legged reactors over the twin- toroidal type le that no 
fundoocntal or odd harmonic voltage is Induced In the con- 
trol windings, whereas In the latter type these voltages are 
actually induced, although hitched out by the connection of 
the two windings in ©arias opposition. t hi lie induced 

voltages may he high enough under certain oondltlonn to 
cause breakdown, the three or four-lagged reactor «®y he 
preferred In gomq designs. 

Magnetic sv terials which nr© now being used in 
magnatlo-ernpllfier design Include pe manors 5000 -I, Allegheny 
Electrical Alloy fttaol # 5 !*75°, wunatsl, permalloy, hipemlk, 
end silicon ateel. '-Hie requisite me gnctic proportion rre not 
ensured by alloy cotipoaltion alone. Such metallurgical pro- 
cesses na grain orientation and Magnetic annealing are most 
essential in determining the performance of thr speclwen. 

The noct outstanding among those magnetic materials is 
psrmenoro 5 OOO- 2 , vhich is a very recent develops* nt of the 
Navel Ordnance Laboratory and attributed to G-.«. Elsa^n and 
K.A. Oeugler.^ Characterised by a maximum permeability of 
fbout '}QQ t OOQ and n saturation flux density of about Vj kilo- 
gauss, the most distinctive feature is its alcoot rectangular 
hysteresis loop. From a performance viewpoint, silicon steel 
is the poorest choice for Magnetio-fmpllfler reootore, al- 
though the cost la Much less than the nickel alloys. The 
recent work of Klnlhera, however, Indicates that *uoh better 
performance way be obtained from silicon-iron, if properly 

1. itockett, Frank, “Improved Material for Magnetic Ampli- 
fiers,* Electronics , (August 12S-150. 
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treated. ^ 

Measurement of Magnetic Properties . 

Four notched toroidal cores of Allegheny aleotriosl 

Alloy and four r/t tched toroiual ceres of Allegheny 

Kumotal were available for this study. The former type 
cores, shown In Figure 2-4, ore spirally- wound Betalllc 
tepee of three all thickness whose convolutions ere separated 
by e. jangnesiuti-oxide insulating layer, The latter type cores, 
shown in Figure 2-5, are assembled froa three -mil annular 
stampings. In order to evaluate magnetic circuit perform- 
ance and to check the consistency of magnetic properties 
among the samples, the normal magnetisation curve end typical 
hysteresis loops were measured with ft lead© and Northrup type 

p 

P- 2239 -P ballistic galvanometer using standard techniques. 

The results are ehown in Figure 2-6 for the Allegheny Elec- 
trical Alloy if4750, end in Figure 2-7 for the Allegheny 
Mumetal. The approximately rectangular hysteresis loop of 
the Allegheny #4750 is contrasted with the more conventional 
curvature of the mumetal loop. This rectangular sffeot is 
achieved by reducing impurities to a minimum in the original 
melt, by annealing the spiral tapes in ft hydrogen atmosphere, 
and by cooling slowly in a magnetic field applied in the 
direction of rolling. Ferromagnetic materials are well- 
known to bo magnetically anisotropic, that is, they hrve ft 
direction of easiest magnetization. For s. single crystal of 

1. Target Report X-jkM (unclassified) , U. D. Havel Technical 
Mission to Jepan, ^Magnetic Development in Japan during 
World war II, (1^6 ). 

2. Ricker end Tucker, "Elec tried Engineering Laboratory 
Experiments,* (New York, HoOraw-Hlll, 1946), 91-100. 
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CORE CONSTRUCTION 

48 SPIRALLY WOUND TURNS OF ALLEGHENY LUDLUM 
NO. 4750 ALLOY OF 0.003 INCHES THICKNESS. 
MAGNESIUM OXIDE INSULATION APPLIED DURING WINDING. 
CORES HEAT-ANNEALED IN HYDROGEN ATMOSPHERE BY 
NAVAL ORDNANCE LABORATORY OF WHITE OAK , MARYLAND. 

WINDING DATA 

* 7200 TURNS OF NO. 30 FORM VAR ENAMELED COPPER 

WIRE, TAPPED EACH 200 TURNS. 



FIG. 2-4 SPECIFICATIONS FOR NO. 4750 CORES 
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CORE CONSTRUCTION 

70 LAMINATIONS OF ALLEGHENY LUDLUM MUMETAL 
OF 0.003 INCHES THICKNESS, STACKED AS SHOWN. 
HEAT TREATED BY ALLEGHENY LUDLUM. 

WINDING DATA 

2000 TURNS OF NO. 3 6 MAGNETIC WIRE, 
TAPPED EACH 200 TURNS. 



FIG. 2-5 SPECIFICATIONS FOR MUMETAL CORES 
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fifty percent nleXel-lron this is the crystal edge or the 
1,0,0 axis. In this direction the electron spine can be 
aligned with Minimum energy. In jp-nin-orlcnted material, 
achieved by rolling in the 1,0,0 plane, the crystal lattice 
of the grain* is aligned such that the entire mass exhibits 
magnetic behavior similar to a single crystal. The magnetic 
anneal, on the other hand, orients the domains by means of 
internal ras gne toe trie tive forces without changing the crystal 
alignment. The effects of domain growth and rotation in 
the direction of an applied alternating magnetic field are 
thereby eliminated, leaving only the sudden l.SO-dsgree re- 
versals of the electroh spine as the direction of the field 
is changed. This results in a rectangular hysteresis loop. 

As seen from Figure 2-6, this effect is achieved to consider- 
able degree in the Allegheny #4750 cores which were given 
a. magnetic anneal by the Naval Ordnance Laboratory at Whits 
Oak, Maryland. 

The consistency of the megnetlo properties between 
the various samples of Allegheny #^75° found to be quite 
good, as shown in Figure 2-8. The control of the complex 
metallurgical processes to produce uniformity in magnetic 
properties between different lots of material, or evqn 
between different samples of the same melt, is one of the 
most difficult problems in the manufacture of core materials. 
Leek of uniformity of the core properties in & magnetic am- 
plifier will produce an unbalanced current-waveform. 
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The static permeability ■-» s computed as a function 
of direct magnetising force and plotted in Figure 2-9 for a 
A 75 O sample and in Figure 2-10 for a '.umet- l sample. The 
r?: .-tlrun <*Xf tic permeability of the Allegheny ehyijo is seen 
to be witch higher th n for the mumetal. Thio indicates 
th-t r f47^0 rer.Qtor would have r> higher agne tiding induc- 
tance rncl 0 loror exciting current then one using mumetal. 
Furthermore, the rate of change of induot«nce with direct 
magnetisation, being p import ionrl to the slop** of the per- 
meability function, is observed to be much gree ter in the 
c -c of the /llegheny My^O. M>gf.stie *n.lifi-.rs using 
Allegheny }h) T tjC re« ctors would, therefore, b* r xpeot* d to 
give hl^ier sensitivity. !Jince time limitations precluded 
a study of both type cores, those of Allegheny , l ^75° were 
cho ©n for this study. 

binding the Toroids . 

A pair of *47^0 cores were wound using 0 . toroidal- 
core winding machine, When winding ferromagnetic cores of 
high permeability, it le necessary to encloso them in protec- 
tive Insulating containers, such at linen-covered bakelite, 

in order to relieve the oores of any mechanical strains 
caused by the winding procedure.^- The container# should fit 
loosely enough to insure that no external magnetos triotive 
forces are applied, while at the earns time fitting snugly 
enough to hold the cores securely in place. Th© application 
of a magnetic field to a f eri*omagnotic body disturbs the 

1 . burton, JS.T. , •* Transformer, “ U.b. Patent #l,J?fto,4l2 
(1930). 
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balance between the Internal electric tuid magnetic foi’oes, 
end hence, changes the physical dissensions of the body. 
Conversely, a mechanical «tr?iin resulting fro* the aj pli- 
cation of an oxtered mechanical stress will alter the 
raagnetlo properties, ‘fhace effects epo referred to rs 
magneto strlotion. It Is rpuarent, therefore, th» t In order 
to preserve the Rsgnotlc properties of r given fer:'emgn«tto 
spocl&cn, provision reust be nnde for the natural expansion 
r.nd contraction of the core under the Influence of rang- 
netizlng force*. Another consideration in the design of 
the containers is that they should 5>> constructed as noli 
as possible consistent • ith Kjwchsnloel rigidity in order 
to prevent undue loss of window space. Accordingly, the 
Allegheny #*l-7!>0 cores •• ero provided "1th linen-covered 
bakelite boxes, shown In Figure 2-11. The mumetal cores 
were also provided with similar boxes, sho*'n in Figure 2-12, 
In the v»nt that It becerse feasible to Include them in ths 
study of **gnetlc-M»pllfiar circuits. 

The pair cf Allegheny ^730 cores which had been 
selected for the study "•ere each wound with 7 200 turns of 
*3 Q Forwvar enameled copper wire, during; the winding 
process, caution must be exerci cd to prevent scraping ths 
Insulation and thereby ehort-eirculting adjacent turns. 
Shorted turns result in lowering the 0, of the ceil becauss 
of the copper lose canned by the high short-circuit currents 
Induced. A low $ reduces the efficiency cf tho amplifier 
and Increases the exciting current. 
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VIEW THRU SECTION B-b' 
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EXPLODED THRU SECTION A - A' 

MATERIAL - LINEN COVERED BAKELITE 



NOTE- INSIDE DIMENSIONS OF THE BOX ARE VERY SLIGHTLY 
GREATER THAN THE OUTSIDE DIMENSIONS OF THE CORE IN 
ORDER TO AVOID PLACING ANY MECHANICAL STRAIN ON THE 
CORES WHEN WINDINGS ARE APPLIED. 



FIG. 2-11 SPECIFICATIONS FOR SPECIAL INSULATING 
BOXES FOR NO. 4750 CORES 
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EXPLODED VIEW THRU 
SECTION A -A' 



MATERIAL— LINEN COVERED BAKELITE 

NOTE - INSIDE DIMENSIONS OF THE BOX ARE VERY SLIGHTLY 
GREATER THAN THE OUTSIDE DIMENSIONS OF THE CORE 
IN ORDER TO AVOID PLACING ANY MECHANICAL STRAIN 
ON THE CORES WHEN WINDINGS ARE APPLIED. 



F IG. 2-12 SPECIFICATIONS FOR SPECIAL INSULATING BOXES 

FOR MUMETAL CORES. 
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W Tf Tf W Tf Tf TT soldering 

i i ii i irx“iF^ LUGS 




MATERIALS - LINEN COVERED BAKELITE AND STANDARD 
SOLDERING LUGS. 

NOTE - THE 37 SOLDERING LUGS ARE CONNECTED TO TAPS ON THE 

CORE WINDINGS EVERY 200 TURNS, PROVIDING A CONVENIENT 
METHOD FOR CHANGING THE ARRANGEMENT OF THE 
VARIOUS WINDINGS. 



FIG. 2-13 SPECIFICATIONS FOR TEST COIL BOXES. 
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To achieve maximum coupling between the verioue 
winding© it 1© neoessary to minimize leakage flux. It 1© 
desirable, therefore, that each of the several winding© 
required by the amplifier design be distributed ©round the 
entire circumference of the toroid. In order to reduce 
onpecitsncc parasitic©, the core© should be wound such 
that large potential difference© between turns ere avoided 
whenever possible, The separation of the winding from 
the metallic cores by memo of the protective boxes ins «n 
additional aid in reducing stray capacity. 

All reactor windings were tepped every 200 turns 
in order to provide a ready means for changing the number 
of turns. Kach finished coll was then enclosed in a cylin- 
drical container. As shown in Figure 2 - 13 , 'the covers of 
these containers were provided with 35, soldering luge to 
which the various coil taps were attached in a systematic* 
manner and labeled to permit easy identification. The 
coils were then impregnated with Cerecine Wax to improve 
the insulntlon and exclude moisture. The convenience with 
which the number of turns oould be adjusted in the various 
windings was of great value while conducting experimental 
studies. 
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CHAPTER III 

EXPERIMENTAL STUDIES OF THE a. SIC CIRCUIT 
Introduction 

Although the basic magnetic-amplifier circuit, 
whose properties will be discussed in this chapter, is not 
the case of most practical interest, conclusions drawn 
from its study will provide certain fundamental concepts 
as to the static and dynamic performance of the magnetic 
amplifier. Because the problem of designing magnetically- 
biased saturable reactors involves nonlinear differential 
equations, the usual approach has been to approximate 
mathematically the empirically determined nonlinear func- 
tions, or to carry out experimental investigations on a 
1 2 

prototype. * A third method of attack, which to the 
knowledge of the authors has not yet been applied to the 
problem, is the solution of the system equations by machine 
methods. This latter method has been oarrled out using the 
M.I.T. Differential Analyser Number One. The analytic re- 
sults obtained therefrom are compared in Chapter IV with 
the experimental results set forth in the present chapter. 

The Experimental Circuit 

The basic magnetic-amplifier circuit studied in 
this chapter is the series-connected saturable reactor with 
a direct-current input and an alternating-current power 

1. M.I.T. Staff, "Magnetic Circuits and Transformers,” (New 
York, John Wiley & Sons, 19^3 )» 199* 

2. Lamm, U. , "The Transductor, A D.C. Pre -Saturated Reactor,” 
(Stockholm, Esselte Aktiebolag, 1943). 
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FIG. 3-1 BREADBOARD CIRCUIT FOR EXPERIMENTAL MAGNETIC AMPLIFIER STUDIES. 



supply and load. The circuit arrangement Is shown In 
Figure 3~1» disregarding the feedback section, which is 
not applicable to the & sic circuit and will be discussed 
In a later chapter. The purpose of the experimental study 
Is to show the effect of the various circuit elements on 
both the static and dynamic performance of the magnetic 
amplifier with a view towards establishing certain design 
criteria. A thorough study of these effects In a prototype 
amplifier permits the use of model theory In scaling the 
site end winding data of the reactors to meet a specific 
application. 

Because the magnetic amplifier is a nonlinear 
circuit, its behavior oannot be characterised by a system 
function, or transform, «s in the case of a linear device. 
The system itself, more specifically the circuit inductance, 
la a function of the excitation. The nonlinearity is at- 
tributable to the saturation phenomenon of the ferromagnetic 
core which is prescribed by the magnetisation curve. Since 
the amplifier cannot be analysed *9 a linear system, tills 
chapter will dlecuss the empirical approach, based upon ex- 
perimental data, for optimising the following excitation 
variables and lumped-circuit parameters: 

1. the control current, i^, 

2. the control-circuit resistance, i^, 

3. the number of turns In the control winding, 

*1-. the carrier-excitation voltage, e 2» 
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Jj. the c&rrier-exci tetlon frequency, f 2 , 

6. the load resistance, Rg, and 

7. the number of turn* In the carrier winding, N 2 . 

The response variable will be considered to be the carrier 
current, Ig, from which the ampere- turn sensitivity, the 
power output, and power gain can be readily computed. 

fttotlc Performance of the Basic Circuit . 

The modulation character! etio, or functional re- 
lationship between the control current and the average- 
carrier ourrent, la the most useful transfer curve for 
describing the static behavior of the raagnetlo amplifier. 
This choree terl stlc is more algnif leant when overage output 
ampere- turns are plotted as a function of input ampere- 
turns, giving the relationship between control and carrier 
magnetising foroea. For the ideal ease of infinite Initial 
permeability, this relationship would be a straight line 
through the origin having a forty-five degree slope j that 
is, the average carrier ampere- turn a would equal the con- 
trol ampere- turns within the amplifying range of control 
excitation. In the practical case, this relationship is 
closely approximated and ha a been discussed In detail by 
Buchhold.* Because of the exciting current which is re- 
quired to furnish the no-load core losses in the practical 
amplifier, the average carrier ampere- turns exceed the 

control ampere-turns in the lower control range, whereas in 

1. Rex, H.8., ’’The Trensductor, " Instruments . 20, (19**7), 

1102-1109. 
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the higher control range they fall off and become lee* then 
the control ampere- turn*. A modulation characteristic la 
plotted In Figure 3-2 for constant voltage across the 

reactors, a case of no practical Interest because It Implies 
the absence of load resistance. The manner in which thle 

characteristic arises is explained by reference to Figure 
>3, which show* the relation between the flux and the 
ampere- turn a In the cores. Only the action of one core need 
be given. As long as the peak excursions of the flux lie 
below the saturation line, the ampere turns are small and 
essentially constant in amplitude, as shown by Figure 3-3 > 
(l) and (2). As the peak flux-exeursions begin to exceed 
the saturation line, linear amplifying action takes place. 
The end of the linear range, point (4) of Figure 3-2, occurs 
when the direct flux biases the alternating flux to the 
saturation line shown in Figure 3-3 ( 5 ). As the input in- 
creases beyond this point, the characteristic begins to 
flatten out, becoming horizontal when the direct flux is 
so large that the entire excursion of the alternating flux 
lies above the saturation line shown in Figure 3-3 (5)* 
Regardless of further increases of the control current, the 
carrier current will remain constant by virtue of the fact 
that the core is now completely saturated at all times with 
respect to the alternating components. 

In the practical magnetic amplifier the voltage 
across the reactor is not constant, but falls off as the 
voltage-drop across the load resistor rises with increasing 
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-2 MODULATION CHARACTERISTIC. 
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FIG. 3-3 FLUX AND MAGNETIZING FORCE FOR VARIOUS VALUES OF 

DIRECT EXCITATION. 
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carrier current, end hence the actual modulation charac- 
teristic flattens out somewhat eooraer. The observed effect 
of the circuit variables upon the modulation characteristic 
will be taken up and explained individually in order, A 
tfestern-Hleotrio typo l4«JA amplifier fed by e Hewlett-Packard 
model 20&AQ audio-frequency generator was used as the carrier- 
power supply. The load voltage was reed from a Hewlett- 
Packard model 4 oOA vacuum- tube voltmeter whose deflection is 
proportional to the average value of the voltage although 
calibrated to read the root-mean- square value of a sine wave. 
The average value of the carrier current was then computed 
from Ohm 1 # law, knowing the value of the load resistance and 
the average value of the load voltage. The value of input 
current was read directly from a direct- current rallllawaeter. 

The control circuit parameters, end R^, were 
observed to have no effect upon the modulation characteristic. 
% was taken from a minimum value of 165 ohms, the resist' nee 
of the input winding, to a maximum value of about 10,000 ohms. 
Ho effect would be anticipated unless the impedance of the 
control circuit to the Induced even-hstrsonic carrier currents 
is high. If, for example, a choke coil were placed in series 
with the control windings, the flow of the even harmonics would 
be restricted and the magnetization of the cores would be 
constrained. The flux, sc explained by Duchhold, 1 would no 
longer be sinusoidal and the waveform of the carrier current 
would be altered. To ensure natural magnetization, and 

1. Rex, H.B., “The Transited tor," Instruments 20, (1^7 )» 
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sinusoidal flux, a capacitor should be shunted across the 
control-current winding# of a magnetic amplifier. This 
filter should present a low Impedance to the even-harmonic 
frequencies of the carrier, and a high impedance to the 
signal frequencies. 

While the control circuit ha# little effect upon 
the modulation characteristic, the carrier-circuit variable# 
were all observed to have quite a pronounced effect. The 
effect of the load resistor, R2* will fir#t be considered. 

The effect of Rg i# to reduce the alternating 
voltage which appear# acroa# the errrier winding# of the 
saturable reactor# a# a re#ult of the voltage drop in the 
load, thereby reducing the magnitude of the altcrne ting- 
flux amplitude in the core#. If, for the moment, the 
carrier current is assumed sinusoidal, an assumption which 
is quantitatively invalid because of the high odd-harmonic 
content of thi# current, linear- impedance concepts, based 
on sinusoidal excitation end response, may be used to give 
a qualitative picture of the affect of load resistance on 
the modulation characteristic. Figure >4 may be taken as 
the equivalent carrier circuit where Lg is an inverse func- 
tion of the control current. The core lessee are lumped 
into ftg for convenience. The ratio of the voltage, 
across the reactors to the carrier- supply voltage, is 
obtained as follows: 
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FIG. 3-4 EQUIVALENT CARRIER CIRCUIT 
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FIG. 3-5 t- AS A FUNCTION OF I, 





(a) SMALL FLUX AMPLITUDE, (b) LARGE FLUX AMPLITUDE. 
FIG. 3-6 
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(3-1) 
( 3—2) 
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(3-^) 



Since, for zero 1^, Lj> Is very large, Ideally infinite, 
the ratio la initially unity, cr nearly so. As I«j increases 
and Eg decreases, the ratio falls off and approaches zero 
for small Lg. The ratio Is down 3 db when 



R g 

2^Lg 



(3-5) 



The El/E 2 function Is plotted in Figure 3-5» For higher 
load resistances, therefore, the ratio drops, from unity at 
a higher rate. Slnoe the alternating flux-density amplitude 
is given by 



ft = 



/ y x 

2 Hi 



(3-6) 



the alternating component of core-flux experiences the same 
rate of change of amplitude with as does the voltage E^. 
The modulation characteristic, therefore, tends to flatten 
out for lower values of input ampere-turns as the R 2 is made 
larger. This effect may be pictured physically by reference 
to Figure 3-6, from which it is seen that a smaller value of 
direct flux is needed to bias the entire alternating flux 
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above the saturation line with a small flux amplitude «• 
compared with a large flux amplitude. This effect wae ob- 
eerved experimentally, as shown toy figure® 3-7, 3*13 and 
3-16. 

The manner in which Eg affect® the modulation 
characteristic can toeet be explained toy again referring 
to the ratio %/£g which is expressed by Equation 3-^ and 
shown in Figure 3*5* Eg doee not affect the rate at which 
falls off with 1^, but doe® control it® magnitude. Thu®, 
for higher Eg ^ere exist* a larger core-flux amplitude 
from the Equation 3-6, and the modulation characteristic 
tend® to flatten out for higher value® of control ampere- 
turns. This effect was observed as shown in Figures 3-6, 

3-14 and 3*17* Another effect which should be pointed out 
is that If, with no control current applied, th« value of 
the alternating- flux amplitude is auoh that it exoeede the 
saturation line, an excessive exciting ourrent is drawn. A® 
stated in Chapter II, the flux should toe so adjusted that it 
Juet fails to exceed the saturation line when no control 
current is applied. A good Illustration of excessive excit- 
ing current as a result of incorrect alternating-flux adjust- 
ment is the Eg 3 60 volts (ras. ) curve at a carrier frequency 
of 100 oyoles per second, shown in Figure >14. 

Unlike the effects of Eg and Bg, the carrier fre- 
quency, f2, affects tooth the core flux and the carrier-circuit 
impedance. The flux-density amplitude is seen from Equation 
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3-6 to be inversely proportional to the frequency. If the 
frequency ie raised, the flux-density amplitude is lowered 
and the modulation characteristic would be expected to 
flatten out for lower 1^ by reason of the effect pointed 
out in Figure 3H5» The EL/E 2 ratio, however, would fall 
off at a slower rate for the higher frequency tending to 
counteract the forraer effect. Experimental results plotted 
in Figure 3~9 show that the lo\?ering of the flux-density 
amplitude is the more significant effect, since the modula- 
tion characteristics flatten out sooner at higher frequencies. 

The final system parameter to be considered is Ng. 
Similar to the effect of fg, Ng affects both the core flux 
and the carrier-circuit Impedance. A larger number of turns 
would decrease the core flux, as shown by Equation 3“6» and 
the modulation characteristic would tend to flatten out at 
a smaller value of from this consideration. The way in 
v/hich Ng affects the carrier-circuit inductance is indicated 
by the relation 

L £ = * N 2*ao ( > g) 

In the case of the frequency effect, the reactance went up 
directly with the frequency, whereas with Ng,the reactance 
goes up as the square of the number of turns. The EjyEg 
ratio has considerably more effect here than in the case of 
the frequency variation. For larger Ng the effect of this 
ratio is to cause the raodulation characteristic to flatten 
out at higher values of 1^. These two effeota, as in the 
case of the frequency variation, tend to oppose one another, 
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but b*o*u*e of the squared relation there is an optimum value 
of lf2 to be sought such that the modulation characteristic 
follows along a forty-five degree slope as long as possible 
before tending to flatten out* The faot that »»n optima* Hg 
exists can be seen by examination of Figures >-10, 3-11, 

3-12, 3-15 and 3-l«« 

From this qualitative discussion it is seen that 
two factors must be kept in mind when predicting a modula- 
tion ch&raoteristio, namely: the initial value of the flux- 
density amplitude end the rate at which this amplitude falls 
off with respect to increasing control current. As stated 
at the beginning of this discussion, these concept* are 
only of a qualitative nature bee* use the impedance concept 
itself is based upon the assumption that the carrier current 
is sinusoidal, an assumption which is highly approximate, as 
can be seen by reference to the actual waveform* encountered, 
as illustrated in Chapter IV. 

From a knowledge of the modulation characteristics 
of a given circuit, the values of power output and power 
gain aay be obtained directly by computation. Since the ex- 
citing current which flows in the load when no signal is 
applied does not represent useful power, it la usually com- 
pensated for in the practical case by one method or another*^ 
If X e represents the root-mean- square value of the exciting 
current, the power output is then obtained from the expression 

1. Fitzgerald, A.S., "Magnetic Amplifier Characteristics - 
Heutral Type,* J.F.X. . 244, (1947), 415-439. 
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*2 ■ (*2 " li 2 ( 3 - 9 ) 

The power input may be obtained from the relation 

P 1 = I I 2 R 1 (>10) 



From these two expressions 
as 

*p a ? 2 /*l - ■ 



, the power gain ®®y be defined 



(Ip — Hp 

<3-»> 



From these relations power output and power gain may be 

plotted as a function of power input, or more conveniently, 

2 

as functions of , in order that the choice of %, based 
on dynamic considerations, may be rarde independently. 

Figure 3-19 shows 2*2 ana (% Kp) plotted es functions of 
I^ 2 . Tlie parameter is chosen as Hg, 3 lnce the choice of fg 
has been assumed fixed by bandwidth or power- supply require- 
ments, and the value of Mg has been assumed optimized from 
studies of the moduli tion character! Stic. These families 
of curves reveal th t the value of Hg chosen is a compromise 
between power gain, power output, and linear range. As will 
be shown in the discussion of circuit dynamics, a higher 
decreases the response time, but also lowers the gain. The 
actual design must, therefore, be a compromise between power 
output, power gain, linearity, and response time. 

An approximate formula for estimating the power 
gain of a magnetic amplifier without feedback may be de- 



veloped using the relation 

>Vi= i 2 



( 3 - 12 ) 
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which It a fairly good approximation over the region where 
excitation ourrent, I g , Is small end where the modulation 
characteristic has a slope of approximately ^5 degrees. 

The power gain may be developed as follows! 
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Tills relation shows which factors are most important for 
consideration in obtaining high gains with the basic ampli- 
fier circuit, assuming that the alternating flux has been 
properly adjusted by correct choice of Eg and fg. 

Amplifier Dynamics Studied by Transient Response 

Although a great deal of material has appeared in 

engineering literature concerning the static characteristics 

of the magnetic amplifier, very little detailed analysis of 

the transient behavior has been published. In 19^3, Buchhold 

established that the speed of response was proportional to 

the ratio of input-circuit inductance to input-circuit 

resistance.^ Lamm, in the same year, published & transient 

1. Buchhold- T. , "On the Theory of the Magnetic Amplifier, " 
Archly fur Klektroteohnlk , 37 . (19^3), 197-211. 
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analytic of o three- phase saturable- reactor In which he 
state* that the recponae time le proportional to the oarrler 
frequency. 1 In 19^6, Grafinger pointed out that the mag- 
netic amplifier could be characterized by a first-order 
2 

tine constant. Therkelsen confirmed this observation from 
f rsquenoy-r e spon se studies, showing the time constant to be 
essentially the ratio of inductance to resistance in the 
input circuit.^ The purpose of the present study la to ex- 
tend these Investigations in order to establish the effect 
of all circuit parameters upon the dynamics of the amplifier. 

Because the magnetic amplifier le a nonlinear 
system, it is Inherently incorrect to characterize its 
dynamic performance by means of a time constant unless ad- 
ditional defining restrictions are imposed. Since the input 
inductance is a function of the degree of saturation of the 
core, which la, in turn, a function of the excitation cur- 
rent, any time constant defined in terms of the ratio of 
input inductance to input resistance is, in reality, a 
variable. If, however, a sinusoidal signal is superimposed 
upon a biasing-current level, the amplifier response has 
the characteristics of a. first-order system as first shown 
by Therkelsen and extended later in this chapter. 

the speed of response will be studied in tills sec- 
tion in terms of the time required for the amplifier to re- 
spond to an applied step voltage. Because the system is 



1 . 

2 . 

3 . 



L sma, U. . "The Transductor, A D. C. Fre-Sotura t e& Re- 
actor,*’ (Stockholm, Esselte Aktlebolag, 19^3) * 
Grafinger, L.H. , *A Study of Magnetic Amplifiers for 
Servomechanisms, * E.E. Thesis (M.I.T. , 19^6). 
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nonlinear, tha term, time constant, will not b© uaod. A 
nor© appropriate expression is effective characteristic 
time, (CT), which will be defined as that time required 
for the output to rise or fall through 63$ of the total 
change in response to a step- function input. This concept 
is based on an analogy with the simple exponential curve 
which characterizes a first-order linear system, in which 
the time constant is defined as the time for the step- 
function response to rise or fall through (l-l/e), or 63 $, 
of the total change. Thus, the characteristic time of the 
nonlinear system is analogous to the time constant of the 
linear system. The characteristic time will, therefore, be 
the index used in specifying the speed of response of the 
magnetic amplifier. 

The laboratory technique used to measure (CT) in- 
volved the application of a step voltage to the input ter- 
minals and observation of the carrier-current transient on 
a calibrated oscilloscope. A Pulton t type 215 low- frequency 
linear time-base generator was used to furnish the sweep 
voltage to a DuMont type 20S cathode- ray oscilloscope which 
was modified by the substitution of a high-persistence cnthode- 
rey tube. The time for the carrier envelope to rise or fall 
from its Initial value through 63$ of the total change could 
be read dlreotly from the oscilloscope onoe the horizontal 
sweep had been calibrated in milliseconds. The step voltage 

1. Draper, C.fl. end McKay, W., "Instrument Analysis,* 1 
K.I.T., 19^6. 
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was applied by means of a twitch in the input circuit 
who st cloture also triggered the sweep. 

Circuit conditions were chosen a a nearly iden- 
tical as possible with those used on the differential 
analyzer in order that a comparison of amilytlo and ex- 
perimental transient data could be made. A standard con- 
dition was selected and the circuit parameter* were v. ried 
one at a time in order to observe their effect upon the 
transient. 

Tho effects of changes in the control-circuit 
parameters, R^, I,, and N^„ vere investigated firct. The 
results indicate that (CT) varies inversely with H^. This 
conclusion is dratm from the fact that when (CT) is plotted 
as a function of \ on logarithmic coordinates, the func- 
tion has a negative slope of unity. The experimental data 
is shown in Figure >-20. This result confiras the observa- 
tions of previous experimenters. The effect of the input 
current upon the transient response showed that (CT) varies 
Inversely as the square -root of 1^, as can be seen from the 
negative slope of one-half which the function exhibits on 
the logarithmic plot in Figure 3-20 . When the effect of 
input turn# was examined, (CT) we® observed to vary directly 
as %, the logarithmic plot of Figure 3-20 having a positive 
slope of unity, Pease has shown that the reactor inductance 
le inversely proportional to the control current to a first 
approximation.* On this basis, the following relation holds, 

1. Pease, 'ff.U . , "Design of a 400 Cycle Servomechanism, * 

E.E. Thesis, (M.I.T., 1^3). 
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(3-1S) 



in which k 1 is a constant of proportionality, and L^, be- 
cause it is a function of 1^, is identified by the addi- 
tional subscript, (1-^). The following relations can be 



seen: 

(CT)^. N 1 _ 1 



<>-19 ) 



or 



( 3 - 20 ) 



It is concluded, therefore, that the characteristic time 
la directly proportional to the square-root of the final 
value of the Input inductance, and inversely proportional 
to the Input resistance. 

The effects of the carrier-oiroult parameters, 

Rg, i?2, ^2» 611(1 *2» wei * e nexl; observed. As shown in 
Figure 3-21, the effect of Rg was found to be negligible. 

Eg and *2 116(1 only slight effect, while Ng produced a pro- 
nounced variation. From empirical data over the region 
examined, (CT) has the following functional relation with 

respect to the carrier circuit: 

1 

<E 2 )5 

(CT)^ j 1 (3-21) 

(fg)TO (h 2 )2 

These effects are difficult to explain because of the non- 
linear nature of the energy- storage elements, the saturable 
reactors. Since the analytic results, discussed in Chapter 
IV, do not confirm the experimental data for the variation 
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of (CT) with the carrier- circuit parameter*, some effect 
not taken Into account tn the formulation of the system 
equations for the analytic study mist be responsible for 
the discrepancy between the two, This discrepancy it 
attributed to the fact that the functional dependence of 
core loss was neglected In establishing the analytic 
equations.' The analytic solution assumed the eddy-current 
and copper losses to be lumped into the resistance Rg, 
while hysteresis was neglected entirely by using the normal 
magnetization curve as the functional relation between flux 
and magnetizing force. Although these assumptions, as will 
bo shown in Chapter IV, satisfy the steady-state solution 
and correctly describe the transient effects of the control 
circuit, they appear to misrepresent the transient effects 
which take place in the carrier circuit. The relation of 
the core loss to the carrier-circuit constants and excita- 
tion will bo developed in order to point out the effects 
which were neglected. For symmetrical alternating- 
magnetization, eddy-current end hysteresis loss can be 
expressed by 



where is the Steinaete coefficient, and kj and kp con- 
stants of proportionality. 



e 




***2 ^2 ft tn*>( 



<> 22 ) 

( 3 - 23 ) 



As discussed in Chapter XI, these formulae do 
not necessarily hold for asymmetrical magnetization such 
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as occur# in magnetics 1 ly- biased saturable reaotors. In 
the absence of more accurate loss functions, these rela- 
tions will be assumed to describe the total core lose which 
is the aura of it a two components 

~ ** ♦ Fjj i3-2h) 

p, - )«i *V L* ♦ V /lx *>m* 

From the Induction law the following equation expresses 

A 

the flux amplitude for pea 3c sinusoidal induction voltage, E 

A 

ft aax ** 2 "f^p (>-26) 

Eliminating the flux amplitude in Equation 3-25 by means of 
the Equation >-26, the following expression for total core 
loss is obtained 

* • *» V * * ( *1 pk*r <>*7> 

where ky and are constant* of proportionality, This re- 
lation dearly shows that the equivalent core-looa resistor 
is a function of ths coil Induotien voltage, the a rrler 
frequency, and the number of turns In the carrier windings. 
Although the core loss in iho experimental reactors has 
been minimised by careful design, it 1* still appreciable 
end is believed to be intimately related to the effect of 
the carrier olrouit upon the transient response, and hence 
should be accounted for in the differential equations of 
the system if the analytic solution ia to reveal these 
carrier- circuit transient effects. 

Before le-vtng thie discussion of transient ef- 
fects, the fact that (GT) measured by opening tho switch 
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In the control circuit is somewhat lees than measured when 
closing the switch should be mentioned. This phenomenon 
oocurs because the response envelope Is not a simple ex- 
ponential, tout builds up or decays et a slower rate for 
lower values of control current. It, therefore, takes a 
shorter time for the carrier envelope to fall through 
of the total change than it does to rise through the same 
percentage. This would explain the differences in ‘’time off* 
and “time on* noted by Fitzgerald. 1 

Amplifier Dynamics Studied by Frequency Hesponse 

The practical value of the magnetic amplifier for 
many applications depends upon its ability to behave as a 
linear amplifier in spite of the inherent nonlinearity of 
the circuit. A study of the frequency response of o. system 
to e sinusoidal driving function yields information both as 
to the static and dynamic behavior of the system. As men- 
tioned earlier in the chapter, Iherkelsen pointed out that 
the magnetic amplifier had a frequency response similar to 
that of a first order system. It will be the objective 
of this seoticn to Investigate in greater detail the nature 
of the frequency response ea a function of the various am- 
plifier parameters, and from tho study correlate the 
observed frequency character! at Ice with observed transient 
behavior. The laboratory arrangement for these frequency 
studies was essentially the same as that used for the 
measurement of the static characterietlca, with 

1. Fitzgerald, A. 8. , “Magnetic Amplifier Characteristlos- 
Seutral Type,” 244 . (1947), 415-439. 
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MODULATED C ARRI2R-C IfiCDI? •• AVEFO' h 
. ITH SINUSOIDAL SIGNAL APPLIED TO INPUT. 






FIGURE 3-23 (A). 
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the exception that a sinusoid?! voltage le applied In serleo 
In the control circuit, end la thereby superimposed on a 
direct-current biasing level. Tills rlteriv ting-signal volt- 
age was held constant and the amplitude of the response was 
observed on an oscillo scope. A typical modulation pattern 
obtained with a sinusoidal driving voltage le shown in 
Figure 3-23 (A). 

A few remark* will be made concerning the fre- 
quency response of ftniTt-or&er linear systems In order that 
a ooaparotlve study can be made with the frequency response 
of the magnetic amplifier. The sinusoidal response of a 
first-order linear system le characterized by the performance 
operator 



Pi 


S 1 


ilk | 

+ J27Tf (CT) (3-23) 


where 






(An) 




ratio of response amplitude 






to input excitation amplitude. 


f 


S 


input excitation frequency. 


(CT) 


2 


time constant 


P 




phase iigle of the response 



The relation In Equation 3-23 c &n further be broken down as 



[p] r <*n)Z.0 


O 29) 


where 

% 




(Ad) - y x * {fc X f(cT^ 


(>30) 


P * [-Hirf(CT)] 


(3-31) 
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Figure 3*23 shows amplitude ratio and phase angle Ha a 
function of the normalized input* excitation frequency. 

Hie bandwidth of such a system la measured to the half- 
power point where the response is down 3db. The frequency 
et which this occurs is the critical frequenoy, f e , and is 
related to the time constant by the relation 

<CT} s l/2Trf 0 (3-32) 

fhe asymptote of the amplitude ratio at the high end of 
the frequehoy spec truss has a negative slope of 6 db/ootave 
pasolng through the zero db line at the crioltal frequency 
when plotted on semi-logarithmic coordinates. She total 
associated change of phase is ninety degrees. 

As esen from i igures 3*24 to 3*3^> the msgnetic 
amplifier has a frequency response which approximates a 
first-order linear system, as can be observed by the initial 
flat characteristic and the ultimate slope of negative 
6 db/oetave. The fact that the basic magnetic amplifier 
la a first-order system can be ascertained by inspection 
of the equations, or by noting that only one energy storage 
is involved. The important fact is that linear behavior 
is approximated. A plot of the transfer function of the 
magnetic amplifier on the complex plane is shown in Figure 
3-31. 

The effect of the various circuit parameters on 
bandwidth has been studied one at a time, and the observa- 
tions plotted in Figures 3*24 to 3*3° respectively. From 
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FREQUENCY RATIO (-F/Vc) =21T-f (d) STT-f (ct) 
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bandwidth raea ourement s th® chrraotorletlc tire w&® computed 
ucing the Equation 3-32. Logarithmic plot® of those result® 
were then prepared for both control and carrier-circuit 
parameter s, the former being (shown in Fl.yure 3-3? and the 
latter in Figure 3-33* As seen from th* plots, (CT) wae 
observed to be directly proportional to and inversely 
proportional to 1^ and to the square- root of 1^, thu a con- 
firming the re stilt* obtained from the transient studies. 

The effects c used by variation* of the carrier- 
circuit parameter*, a* observed by frequency response 
method®, are in general agreement with those obtained from 
transient studies with some noticeable deviation. The 
variation of (CT) with Eg and Kg was Identical. 'Whereas 
transient studies gave the result that (CT) depended very 
little upon fg, and almost not at all on Eg, sinusoidal 
studies showed that (CT) varies directly with the one-third 
power of Po end Inversely as f«. These differences rre 
attributable to the feet that In the transient -tudlee 
change* from zero to some discrete value, where*, e in the 
sinuQoidrl studies varies periodically about r constant 
level. 

The results of the dynamic studies, both transient 
end sinusoidal steady- sir te, indicate that In order to widen 
the bandwidth or shorten the chsrncterirtlc tine, It it. de- 
sirable to increase R^, 1^, fg, and Kg, and to decrease 
end Eg. In any cree, fg would have to be sufficiently high 
to carry the intelligence as a modulated signal. 
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Summary 

The results of the experimental study of the basic 
nagneti c-amplifier circuit reveal that a compromise must 
be made between gain and bandwidth. The adjustment of para- 
meters in a direction to increase the gain is seen to 
simultaneously narrow the bandwidth. The design of a mag- 
netic amplifier to meet a given specification is based first 
upon the selection of the core material. Once the material 
has been chosen, experimental data oan be taken on a model, 
and the design soaled to meet specific requirements. 

The carrier frequency Is determined by the highest 
signal-frequency of Interest. Amplifier bandwidth, suffi- 
ciently broad to pass the highest signal-frequency of 
Interest, must be attained by increasing B^, 1^, and by de- 
creasing N^. The effects of Eg and Eg upon bandwidth 
appear to be small. To improve gain, however, exclusive 
of feedbaok techniques to be discussed later, %, 1^, and 
Ng must be decreased, and and Eg increased. A compromise 
between gain and bandwidth is obviously necessary. The 
fact that the magnetic amplifier, despite its nonlinearity, 
can approximate a first-order system, offers possibilities 
in certain applications in which electronic amplifiers are 
currently used. 
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CHAPTER IV 

THE MATHEMATICAL ANALT5IB OF THE MAGNETIC AMPLIFIER 

Introduction to the Analytical Problem 

The nonlinear character of the normal magnetizing 
curve of Iron-cored saturable reactor* ha* long pieced at 
restraint on rigorous nwithewatical analysis of magnetic am- 
plifiers. Sine© differential equations Involving non- 
linearities do not yield to ordinary method© of solution, 
a rigorous approach to this problem Implies the use of 
machine methods of solution. 

In th© pest, several approaches to th# analysis 
and synthesis of the magnetic amplifier have been under- 
taken. Each method requires cert* in approximations. Th© 
two most important of these a c roaches are the linear- 
approximation technique, hosed on th© division of th© 
normal magnet! zatlon curve into linear regions,* and th© 
renctor design technique developed at th© Servomechanisms 
Laboratory at th© Mssaechueettft Institute of Technology.^ 

Each of these techniques Involves appi^oxivuitions 
which contribute to loss of rigor in th© solution. In 
spite of theca limitations, these approaches to th© problem 
have been used with com© success to predict and explain th® 
steady-state performance of the magnetic amplifier. Unfor- 
tunately, neither technique io readily adaptable to the 

1. iSoy&Jiftn, A., * Mathematical Arvilyele of nonlinear Circuits,* 

ft.fi. Rev. , Jft, (1931), 531-539. 

2. i'easa, w.M. , ’•Design of a *K5C Cycle Servomechanism,* 

H.I.T. M3 Thesis <i9 l V3). 
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prediction of the dynamic performance of the magnet io am- 
plifier. 

The use of the differential analyzer to solve 
the nonlinear differential equations of the magnetic ampli- 
fier circuit has offered an original method of attacking 
this important problem. Since there is no constraint on 
the nenline&rlty of the character of the equations, the use 
of the analyzer has permitted a rigorous solution of the 
dynamic problem as well as tile steady-state problem. The 
principal limitation imposed on the analytical ©elution is 
the necessity for neglecting hysteretic and e day- current 
losses in the cores. If the cores uced are of high quality, 
the neglect of hysteresis and eddy-current losses, as will 
be shown, is of no great consequence in the static or 
steady-state solution. The dynamic analytical solution 
will, however, suffer if losses are not considered. The 
physical effect of hyz tore tic loss in an iron-cored coll 
under excitation by fluxes of two or more different fre- 
quencies has not been fully explained, but in spite of this 
important fact, it was possible to mako a eeui-quantitative 
Investigation of the effect of hy&teresia in the magnetic- 
amplifier olroult. As has been described in Chapter III, 
and will be further considered later, hysteresis and eddy- 
current loss have a definite influence on the dynamic 
performance of the amplifier at different excitation- flux 
values, snd consequently, the neglect of those phenomena 
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hr.* somewhat hampered the me then* t leal Investigation of 
the effects of certain pnrimet ere on the time- response of 
the amplifier. Variations In most of the oiroult para- 
meters have, however, been lave etlgetedl satisfactorily by 
the analytical approach. 

Formula tlon of the Solutions 

An investigation of the effect of fundamentnl 
parameters of the magnetic-amplifier circuit wns ostob- 
11 shed as the primary purpose of tho analytical study. 
Accordingly, analytic- 1 lnve- tlqntions hrv* been conducted, 
on the basic magnetic-amplifier circuit. '."he el *rif lec- 
tion of the fundamental b*h vior of the amplifier under 
the action of the various parameter* which influence this 
behavior is Intended to establish criteria which rill then 
be applicable to the more complex raagno tic-amplifier 
circuits involving feedback. 

experimental studies of the basic magnetic am- 
plifier have indicated that the following circuit para- 
meters influence the transient end ct**dy-» state performance 
of the amplifier* (1) Input-olrcui t. resistance, R^, 

(2) Input-circuit coll turns, (3) Input-circuit cur- 
rent, I-j , (4) Output -circuit resistance, Rg, ( 5 ) Output- 

circuit coil turns, (6) Peak value of the output- 

circuit til terns ting voltage. Kg, and ( 7 ) Frequency, w , 
of the output-circuit alternating-voltage. These para- 
meters ers further identified in Figure 4 - 1 . Analytic# 1 
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FIG. 4-1 BASIC MAGNETIC AMPLIFIER CIRCUIT 




FIG. 4 — 2 NON LINEAR RELATIONSHIP BETWEEN FLUX 
AND MAGNETIZING FORCE. 





studies are conducted In a man n ex* d<*slpnQd. u> indicate the 
effects of these parameters. 

'file analytical transient response of the magnetic 
amplifier is studied through the medium of a step function 
applied to the input circuit. This step function is applied 
as n voltage, , sct'oss the input terminal# of the ampli- 
fier. The applied step voltage causes a current, i^, to 
flow in the input circuit, and a current, lg, to flow in 
the output circuit. In each case solved by the differential 
analyser, the solution is carried through the transient 
period until steady-state conditions are reeehea. Ihe 
ovon-harsonlc currents, 1^, which flow in the input circuit, 
and tlie odd-harmonic currents, ig, which flow in the output 
circuit, were recorded for each solution of the problem. 

The rate of buildup of current in the output circuit during 
the transient state establishes the characteristic time of 
the amplifier circuit for e*ch condition observed. A* erne 
the c as® in the exjMriuental studies described in Chapter 
III, the characteristic tiue of the- amplifier lo defined ns 
the time required for the output current to reach S3- - * of 
its staudy- state value rf trr the application of tho step 
function input. 

In summary, then, the vwluee of i^, ig and charac- 
teristic time, (Of), were observed for step function- input 
variations of ©^ for vsriouo conditions on th© parameters 
'v *1» : *2» f *2» w • «inor deviations from this 

procedure will be discussed subsequently. 
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The equations used In the analytical solution 
are based upon the circuit of Figure 4-1, and the non- 
linear function of Figure 4-2. In Figure 4-1, the flux 
in Core 1 is defined eg ^ while the flux in Core 2 is 
defined as fip, The positive directions of these fluxes 
are shown by the arrows on the figure, biallnrly, the 
positive direction* of the current© i^ end ip are indi- 
cated by arrows. The remaining parameter* of thio circuit 
have been identified. Figure 4-2 is » sketch of the 
normal magnetisation curve of the core materiel used in 
tho study". This figure la based on empirical data which 
was measured as described in Chapter II. In the figure, 
the flux in the cores, fS, In vehera, ie plotted against 
the magnetizing force, Ni, expressed in ampere- turns. The 
studies were conducted using the liKS system of unit# with 
all voltage* expressed in volts, all current* expressed in 
araperes, resistance® expressed in ohms, end time expressed 
in seconds. 

Fran the circuit of Figure 4-1, it is possible 
to write the enuilibriura aquations of tho system on the 
loop basis for the input and output circuits, respectively: 

*1 = >»l *1 * *1 ii (4-1) 

(It? 

«2 * “2 h * "B ^ + x 2 ^2 (U— 2 ) 

From Figures 4-1 and *1-2, the relationships between 
flux ond magnetising force are established: 
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and 


4** 2 $ro 


next manipulated as 



ehown in the follorinj: scries of expressions? 

n • h R x « w i 'tft - 3? * 

eg - i 2 Kg = Mg 25!?} 

* * * dt + dt 
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(4-iU 



If Kc'uatioii 4-7 is divided by N^ g and £c uittlon 
4-S Is divided by Ho, the expressions may be added end 
subtracted to yield Equations 4-9 and 4-10 reflectively: 
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(4-10) 



or 



i 

dt 3 £ 
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(4-11) 



= i Sauritii) _ a .■-.*> n il (4-ip) 

L fcg ‘*1 J 

Integrating liquations 4—11 anti 4-12 with respect 
to time, and combining these expressions with E 0 uation& l l-5 
ana 4-£ f gives: 
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By Applying Equation 4-4 to Equation* 4-13 and 
4— 14, the following expression* which Aefln* tho behavior 
of the magnetic amplifier are obtained* 



% = 1*2 *2 ♦ *1 *1 



(4-15) 
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(4-16) 



In Equation* 4-15 ami 4-16, th* function* and 
Hg are defined for convenience in the differential analyzer 
solution. From these expression*, it 1* now possible to 
define 1^ and ig in tens* of and Hgi 




(4-17) 



<4-1*) 



l 2 = H 1 * h 2 
2*2 

Recalling that the input voltage is applied a* a 
etep function, and that the output voltage is sinusoidal, 
the following equations are written: 

•X a E] U(t) (4-19) 

•2 — *>2 *in u>2^ ( -20) 



The differential analyzer problem is formulated 
from Equation* 4-15 through 4-20 inolu*lT*« 
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Preparation of the differential Analyzer Problem 

The M.X.T. Differential Analyser No. 1 was em- 
ployed for the solution of the equations of the magnetic 
amplifier. The operation of this machine is totally 
mechanical, in that all process of integration, addition 
and subtraction, multiplication, the generation and 
Introduction of functions, and the recording of results, 

ere accomplished by mechanical means. The machine has 

1 2 

been described in detail in the literature * and no fur- 
ther description will be attempted in this report. 
Similarly, the nature of the development of scale factors 
for use on this analyser has been discussed in detail, and 
will not be dealt with further here. The reader is re- 
ferred to the references given for further study of ths 
analyser and for further understanding of the method by 
whloh the scale factors were established for this problem. 

After the equations of the problem have been 
formulated, limits over which the various parameters of 
the equations may be expected to vary are established. 

The knowledge of these limits permits the selection of 
scale factors which will allow ths greatest flexibility 
of the parameters with minimum requisite changes in the 
layout of the machine. A schematic diagram of the 
analyzer layout ie then constructed. Gear boxes, dlffer- 

1. Bush, ^V.^^The^Dlfferential Analyzer,” J.F.I. . 212 . 

2. Bush, and Caldwell, S.H. , •A New Type Differential 
Analyzer," J.r.I. , 240, (19%), 255-326. 
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entlsl unit* *nd integrator unit* are provided to per- 
form the necessary function* of the equation*. Scale 
factor* are then established to meet the condition* of 
the actuation* end these factors are fitted to a schematic 
diagram, the selection of scale factors 1* restricted 
somewhat by the actual gear-ratio* available, but, in 
general, there la sufficient flexibility that scale fac- 
tor* may he chosen in a manner which very closely approxi- 
mates any desired physical condition, figure 4-3 show* 
the aotual schematic diagram which was made for the 
initial problem applied to the machine in this study. 

In this figure, integrators are identified by number, 
differentials are identified oy number, and gear boxes 
ars identified by letters. In this problem, the sinusoidal 
voltage of the output circuit, Kg, is generated by in- 
tegrators Ho. 3 and 4. The fluxes in saeh cor# ar* 
Integrated in accordance with equation# (lfj) and (16) in 
Integrator units Wo. 1 and 2. The nonlinear relationship 
between flux and magnetizing force Is inserted by the 
manually-operated input tables Wo. 1 and 2, and the re- 
sultant currents, i* end ig, are plotted on the output 
table. The step voltage, e^, is applied to the lead 
screws of the integrators Wo. 1 and 2. 

The problem shown in Figure 4-3 represents the 
conditions which obtained during huns 1*13 inclusive of 
the analyser study. The actual values of the parameter* 
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FIG. 4-3 SCHEMATIC DRAWING AND SCALE 

FACTORS FOR BASIC MECHANICAL 
DIFFERENTIAL ANALYZER PROBLEM. 



(ADDERS ARE NUMBERED; GEAR BOXES 
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for these runs are tabulated on Chart 4-1. On this 
chart the parameters and the scale factors, as well as 
the gear ratios which provide the eoale factors, are 
tabulated for each solution of tho equations. The scale 
factors, and the »t*pna by which these were obtained, are 
shown on Figure 4—3, and aay be correlated with the tabu- 
lated data of Chart 4-1. 

After the schema tie diagram and the scale fac- 
tors have been determined, it is neceesary to formulate 
the actual layout of the problem on the differential 
analyser. This phase le subject to limitations on the 
phyeical positioning of the various problem components 
within the machine structure. In the layout used for 
this problem, a special effort was made to provide a maxi- 
mum of flexibility to permit the variation of the several 
par ©Meters with a minimum of required changes of the ac- 
tual physical layout, With this objective in mind, an 
effort was made to anticipate the changes in scale factors 
occasioned by the parameter changes, and wherever possible, 
additional gear ratios were set up in the gear boxes, and 
these were left disconnected except when actually In use. 
Considerable saving in time is enabled by a procedure of 
this type. The physical layout of the differential 
analyzer for the problems shown in the cchemetlc drawing 
of Figure 4-3* Huns 1-13, is shown in Figure 4-4-. Changes 
in the layout for the remaining solutions are tabulated on 
Charts 4—1 and 4-2. 
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FIG. 4-4 DIFFERENTIAL ANALYZER LAYOUT FOR BASIC PROBLEM OF FIGURE 4-3. 
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Anoroxlm«v tionit Limit* tlona, and difficulties 

As hat been stated, the effect* of eddy-current 
and hysteresis losses here been neglected In thia study. 

For all obaervatlona of parametric varl- tlon* in the Input 
circuit, the neglect of the losses In the core ha* imposed 
no serious Halts tlon. The nature of the effect of eddy- 
current and hysteresis loss on the dynamic behavior of the 
amplifier when the output-circuit parameters are varied 
will be dlecussed. 

The magnetic amplifier has an inherently long 
time-response. Hie nature of this long response requires 
that a large number of cyolea of the fundamental applied 
voltage must occur before the final steady- state condi- 
tions axe reached. When the differential analyser is 
operated through a large number of cycles, the cumulative 
error resulting from the bachlath in the many gears In the 
system can be of serious o on sequence, and may cause con- 
siderable error in the output of the machine. Further- 
more, In the machine solution of the simultaneous 
equation-pair used In this problem, the cumulative error 
in the mechanical circuit which operate e basically on 
one equation of the pair may be greatly in variance with 
the cumulative error which builds up in the circuit which 
operates primarily on the other equation. The. accuracy 
of the solution will be seriously impaired when there is 
a definite unbalance in the mechanical error arising In 
different sections of the machine* 






* w»»n* 

*ir: ?'l rm~* r- *£ *«*4 ».'»•>: iqe {.«» 

.<0 «i cwU Jtrr lo «m*v ^ ii' < XX# irt 

4 fl?« i - w*« Rl m« 4 .' *&: •• 3 MJl«* Iftf 
• Mi'* *- '■%• ,v»L* :\ * ... < iMi^4*ai c an 

imkfMht «i«vV M »»•* «0JC » gfl fi&* fAntat 



Imimo #• IXXr 

l«**J u mj i»ISU|o *<l 

(Wrtfc— vr,n tf « 10 w—M »yui fl f«9 

««4l<^wi Hull all DWlaif tmi lw ^ftflor 

*1 n#^Ctf I-ki/i /.• -.V* ♦ v n».- * »noi# 

• «1. crj * 1 •V' 1 * ’ * " ■ - l*X«T*|ei 

•oiu ;n v*#« «fi «u mmJOtomt i4f am #it;Cn«i writ 

. _ U - 1 <a **i'*«*» •<» «) * «* 39 Xt 

*0*9*1 JOttUM aaO 1* lO «i t*m »^n»i-U 

VH •>,!•.• I wt«-f «n/ «# ”••:« u '•.-» •!'• »•- ».•/ #J ,*ic* 

• • ••rtakv mV ,♦•• ,i* • ■ it .• . * 

m xlimUM 4ol-a a# £*4a>;*do»« «£l Hi 



- .4 t».l ,4? -•»*’ •' *•-** ■*. ► I. .U 0*1 

• i amt «<«* flfcorsM «r< (Ut mLo^i «o ta 

M ivtt* (alo«t ft* VJ 0| k'.‘*(JOMf Aflnrtfcfr fl 

•**l 4 *** «0 >• tlMlffltfl 



- - ns 



The Bechaniool differential analyzer is pro- 
Tidtd with fremtlaeh unite which arc inserted Judiciously 
in the layout in a manner designed to compensate for the 
errors whioh result from backlash over a period of many 
oyolee of operation. A total of seven frontlash units, 
as shown in Figure 4-4, were employed in this problem. 

The adjustment of these units to compensate for the back- 
lash errors is accompli sited me inly by triel-and- error, 
and requires a great deal of skill which, it seems, Is 
acquired mainly by practice. The adjustment of error 
compensation was perhaps the largest single difficulty 
encountered by the authors in their work on the differ- 
ential analyser. The initial adjustment of the machine 
required a great deal of time and some rather substantial 
rearrangement of components to minimite backlash. Each 
tine the circuit parameters were changed with resultant 
changes in the scale factors and, of course, in the gears 
and gear-rat loo in the system, it was necessary to re- 
adjust the frontl&sh unite. The time required to re- 
adjust the compensating units seemo to be an inverse 
function of the experience of the operators. Actually, 
the later adjustments were made quite readily and with a 
minimum loss in time. In general, however, since the 
machine was required to operate through many cyoles, the 
adjuotaent of frontlash units was found to be very criti- 
cal end extremely important in obtaining accurate, precise 
solutions. 
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Before the analytical problem wag roraulated, ex- 
perimental work had shown that the oh# raoteristlc time of 
the magnetic amplifier la an Inverse function of tha input- 
oirouit real stance, In order to Itaap tha nu»ber of 

cycles through which tha machine was required to operate 
at a «ini«ua» most of tha analytical observation* were 
mads with a large value of tha input-circuit resistance, 

Tha exception to thia condition wee a set of observation* 
which ware made to determine the effect of on the 
dynamic and eteady-etate operation of the analyser for 
smaller values of the input reel stance, It has been 
pointed out in Chapter III that the gain of the amplifier 
la inversely proportional to the input-circuit resistance, 
Since the value of % used in the analytical study was 
quite large, many of the observations Made on the differ- 
ential analyzer were made under eondltiona in which the 
power-gain of the amplifier was lees than unity. Actually, 
this situation Imposed no limitation whatever on the worth 
of the observations made, and Mention of this condition is 
mads here only to Justify the choice of a large value of 
input resistance as imposed by Mechanical considerations 
of tha differential-analyzer performance. 

The nonlinear relationship between the flux in 
the cores and the applied Magnetizing force wa* inserted 
by two input tables. The input functions, drawn to scale, 
are shown in Figure 4-5. This curve, of course, represents 
the normal magnetization curve of the core Material, and 
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the unconventional coordinates of the plot were necessi- 
tated by the mechanical layout of the machine. Recalling 
that the coordinates are rotated 90°* reference to Figure 
4-5 will show that the Initial slope, i.e. , the ratio of 
flux to ampere- turns, is very great, tfeohanlcally, the 
abcissas of this function were inserted by the analyser, 
while the ordlnatee were inserted manually by the oper- 
ator#. In practice, it was found that the errors intro- 
duced by backlash in the gears when the ordinates were 
manually introduced were greater than the changes in 
magnttizing force Introduced by following the curve, and 
it wae therefore necessary to assume an infinite initial 
slope of the magnetization curve in order to avoid the 
effect of backlash when email input magnetizing force • 
were applied. Consequently, the initial slope of the curve 
was assumed infinite (actually zero, as viewed on Figure 
4-5); the initial permeability and inductance were then 
infinite. The slope was assumed infinite until the flux 
reached a value of 4 x 10“'* webers, after which the em- 
pirical curve of the noi'mal magnetization of the core 
material waa followed. This approximation actually imposes 
no great limitation on the solutions observed. It is 
clear from Figure 4-5 that the changes in magnetizing force 
are very minute over the range from the origin to the value 

t 

of flux mentioned. 

It has been shown in the disoussions of empirical 
results in Chapter III that the output ampere-turns over 
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tha normal rang® of the amplifier or modulation eiuuraot er- 
istic are very nearly equal to the input ampere- turns. 
Reference to Equation 4-l6 will then indicate another 
rather serious limitation for the mechanics! solution, 
namely, ths measurement of the small difference: 

N l i l * * 2^2 

between two relatively large quantities. Again, the 
necessity for careful error compensation is implied by 
the nature of the equations to be solved. 

It has been ths purpose of this section of the 
report to emphasize tha nature of the difficulties anti- 
cipated and encountered In solution of the analytical 
aquations of the differential analyzer, and to describe 
the methods used to minimize these difficulties. 

Mature of the Annlytioal Solutions 

Conditions for the various analytical problems 
were formulated to closely simulate conditions existent 
during experimental observations. In the case of transient 
analytical observations, actual osclllosoopic photographs 
of equivalent experimental situations were made. Through- 
out the study, all analytical solutions were matched by a 
series of experimental observations in which circuit con- 
ditions were made as nearly identical as possible. The 
results of all analytical observations are tabulated in 
Charts 4-3 and 4-4. 

As has bean stated, the currents i^ and ig which 
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flow In the input and output circuits of tho amplifier 
respectively, were plotted as outputs of the differential 
analyser. The magnitudes of these currents were obtained 
by integrating the area under the curves by use of a 
plant® a ter, and then computing the values of the currents 
by application of the proper scale factors. Actually, the 
average value of the second- harmonic alternating current in 
the input circuit, 1^, It equal to the value of current 
applied to the oircult when the step voltage is connected 
to the input-circuit terminals. Stated in a different 
Banners the average value of 1^ is equal to 1^, which ie 
equal to the magnitude of the step voltage divided by the 
total input-circuit resistance. The comparison of values 
obtained by planlmetrio integration and values obt« ined by 
division are shown in Charts 4-3 and 4-4-. As will be 
noticed, agreement is quite good. 

Figure 4—6 is a traolng of tin actual solution 
plotted by the differential analyser after steady- state 
conditions were reached. The nature of the odd-harmonic 
composition of the output- circuit current, ig, is apparent 
in this figure. Similarly, the even-harmonic composition 
of the input-circuit current, i^» is shown by the nature of 
the tracing. For comparison with the curves of Figure 4-6, 
actual photograph* of the face of a cathode-ray oscillograph 
are shown in Figures 4-7 and 4-6. It should be empha sized 
that the photographs of Figure 4-7 are not shown to scale. 
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Figur# 4-7(a) shows ths flow of current In the output air- 
cult when the input current le zero. The sauero wave 
obtained it due almost wholly to the effects of hysteresis 
which have been neglected In the analyzer solution. The 
frequency of the square wave Is that of the applied alter- 
nating flux. As the input current increases to a small 
value, email peaks appear on the output-current waveform 
when the flux excursions begin to extsnd into ths knse of 
the magnetization curve. This effeot is shown on Figurs 
4-7 (b). A further slight increase in input current yields 
the waveform of Figure 4-7(c). When the input current Is 
lnoreased to a larger value and flux excursions extend 
well into the knee, as shown in Figure 4-7(d), the hysteresis 
current becomes a relatively small portion of the total 
waveform, and ths overall effeot is merely to oause a 
slight difference in the levels of the shoulders of ths 
output waveform. Figure 4-7 (d) is analogous to the dif- 
ferential analyzer output-wave shown in Figure 4-6. The 
dissymmetry of the levels of the shoulders does not, of 
course, appear in the analytical eolution beo&uat hysteresis 
was neglected. If the input current is made sufficiently 
great, the flux excursion in one core of the amplifier may 
extend above the knee of the magnetization curve at the 
same time the flux excursion in the other core is also on 
the knee. Under these conditions, the output waveform Is 
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FIGURE 4-7 
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OSCILLOSCOPIC PHOTOGRAPHS 
WHICH SHOW THE INCREASE IN 
THE STEADY-S® TE VALUE OF 
THE OUTPUT CURRENT, 1 2 , 
FOB INCREASING VALUES OF 
THE INPUT CURRENT, 1 1# 
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APPLIED ALTEiNATUiG VOLTAGE. 






shaped as shown In Flours 4-' 7(e). The shoulder has vir- 
tually disappeared, bec« use there le no period In the 
cycle when current oeasea to flow because the fluxes in 
each core are simultaneously passing over the knee of the 
magnetisation curve. 

The path of the flux and magnetizing force in an 
iron core is, of course, affected by the presence of the 
hysteresis loop. Since the number of loops formed by 
hysteresis is infinite, it le difficult to determine the 
proper value of the loop path to follow when the v*lue of 
the flux versus megnetizlng-force function is applied 
manually as an input to the differential analyzer. It was 
considered, however, very important to observe, if possible 
the effects of hysteresis on the analytical waveform, and 
consequently, the particular member of the hysteresis loop 
family shown for 4750 Alloy in Figurs 2-7 was utilized as 
an input to the differential analyzer for several solutions 
The observed effect was, of course, qualitative, since it 
has been pointed cut that an Infinite number of loops will 
actually exist, but it is extrsmely significant to nots 
that output-current curves exactly similar to the experi- 
mental waveforms of Figure 4-7 were obtained through the 
simulated hysteresis method. It may then be stated that 
muoh of the current which flows in the output circuit when 
the input-circuit current is zero Is due to hysteresie. 
Furthermore, the difference In levels of the shoulders of 
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of the output waveforms la daflnltaly attributable to 
hya tart ala effeot, and not to unbalance In the core a, a a 
was previously thought. It la questionable whether these 
statements could have bean nade without the aid of the 
differential analyzer observations. 

Figure 4-6(b) ahowa a tracing of an analytical 
solution of the second-harmonic input-circuit current, i^. 
Similar oscilloscope photographs are shown In Figure 4-5. 

It la worth noticing that just as the shoulders disappear 
from the output current waveform when the input current 
becomes large, so do the flat portions disappear from the 
lower portions of the input-circuit currant waveform whan 
the input circuit current becomes greater. This effect may 
be seen by comparing Figure 4-5(a), which was made for the 
conditions which prevailed for the analytical solution 
shown in Figure 4-6 (b) , with the waveform of Figure 4—5 ( b) , 
which was made for a somewhat larger input current. The 
disappearance of these flat portions is attributed to the 
same reason given for disappearance of the shoulders of 
the output-circuit waveform, namely: there is no time in 
the cycle during which the flux excursions in the two cores 
are simultaneously on the linear portion of tho magnetiza- 
tion curve. 

A tracing of the buildup of output-circuit cur- 
rent, ig, as produced by a solution of the differential 
analyzer, is shown in Figure 4-9(a). tho nature of the 
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defined eha raoteri stio time has b<sen discussed previously, 
and is shown piotorially on this figure. Figure 4— 9(b) is 
s drawing made from tin oscllloscoplc photograph of the out- 
put current of ths amplifier when the conditions of opera- 
tion were identical to those shown on the nnlytlcul solution. 
The effect of h/stureais is rent in tno practical case, 
end the definition of c2> <ras terlstic time for the practical 
cnee is apparent frewu the drawing. It is cl* r from Figure 
4-9 (a) that initially, since infinite perils ability was as- 
sumed, and since hysteresis was neglected, there is no flow 
of current. A waveform identical to the Analytical wave fora 
of Figure 4-9(a) on oe simulated experimentally if the 
input current is made very 1 rge; this re sal to in such a 
large output current that the hysteresis current is negli- 
gible hy comparison, and the fiat line shown initially in 
Figure 4-9 (a) for *n analytical eolation can be very neatly 
shown on the o-cilloecope for • n experimental situation. 

The Concept of Buildup of Flux Bias . 

There i» a certain intangible benefit that may 
be obtained from working with the mechanical differential 
analyzer that is difficult to describe. The effect is 
related somewhat to an intuitive feeling that is acquired 
while actually observing mechanical parte operate on the 
differential equation!, and tills intuitive feeling It of 
value in understanding the actual behavior of the physical 
circuit which is represented by the motion of meohanlcal 
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parte. This "intangible* benefit, so-called, doee not 
appear in the tabulated solutions of the analyser pro blew, 
and seen* to depend principally on actually observing the 
behavior of the various integrators, differentials, gears, 
and input tables, as ths problem is carried through. It 
was this type of observation which led to an appreciation 
of the theoretical behavior of the magnetic amplifier un- 
der transient conditions* 

Since initial permeability was assumed to be 
infinite and hysteresis was neglected, no current flows 
in the input circuit immediately after the application of 
the step voltage to the input terminals, unless the initial 
flux applied to the cores la sufficiently great to cause 
excursions above the break of the knee of the magnetisation 
curve. Under these conditions of zero Initial current 
flow in the input circuit, there is, of course, no current 
flow in the output circuit. When the step voltage is ap- 
plied, the flux in each core begins to be biased outward 
toward the region of the knee. Once the flux excureion 
extends into the knee, current begins to flow in both the 
input and output circuits; these currents contribute non- 
llnearly to the further buildup of flux, in accordance with 
Equations 4-lf> and 4-16, end it becomes difficult to reason 
the behavior from physical concepts after current flow starts, 
because of the nonlinear nature of the equation*. During the 
Interval of time, however, before the flux excursions extend 



■SC 

• . V- 1 ,, * : •»: . -* J : i 

v«nl«M M Vr tpjJ fp li M *m «inMP Ml ftf MMil 
^ lAimade v^- 

% *Wo rt/X-JX^^YUf •»■*•*« '.’ *1 ftW r%*« «** It *r+jy*i 
f) vf l«/ru« a 1 mW*\. mj •• f vt#U Jmvi 

a ,;j. : j-iiTr.- i- .? »•.’ .>>i •«* • *>•>•> !'■■ t ..if *«*• 

.» tailiifM «!?««*■* ms 1 ** «|«u>«d £i»iiVT»«lf «*£* ft 

. .*< . .. .w «. r; | 1MI 



•r )l it «OMi fMW 

*• M-i ' •■ 

“« tc: i. # JT*ia« tm/W 'Jo *!*•» *i ji-»?it imM oi 

(MfPvJ 4*-‘l ••!• .» ."• u-»l u, » •<•;»< <|«J* *4? 

»♦. M« *»7 U«1| »l BUM r4i ol ull 

* i ' #fti ft ^ !• »'«P* *r~r mk • a,i>aJi?fcucB 



;r cm ,* «li m» ,«JmmJi IMMU til M ton 

■*•4* » t ► 4 «liV. *•<>.. j - .■• .J Jen. : -•© Mil *.i «ifJ 

- >-:•«!• - :vP. .ni ,£>: £J i 

i»«MMf - . «a «6 ,M« Ki >3 J3 *#t m it 1 nvtvt 

. c - • . j • - #.v. t ■ >'*as.« 

• ••*• **» +*t *i%«V |if»Or l* rwv«n- -M* 



<*N ft (iklial tV fi 

• ' » - M>.OL?*wpt 

|kli4< f»n X «mv« «mH • .**»•• »f»l ncivu(*€ axflf 

pm | m • ‘i .art *• • - • i ■ ! r.s « «vi • 'llrxc \%t ' a 

■ 






into th* knee, the theoretical system, einoe infinite 
initial permeability was assumed, behaves as a linear 
system and linear concepts are applicable. This fact was 
first recognised while aotually observing the b»,hi vior of 
the differential cnalyser, and probably would not have 
been recognised fro® experimental observe tlons f lone. In 
many cases of magnetic-amplifier operation, the original 
buildup of flux consumes a large portion of the total 
characteristic time, and, therefore, la of importance when 
consideration a of the transient behovior of the theoretical 
amplifier are made. The time of flux -bias buildup, t, la 
defined as the time after the application of the voltage 
step-function to the input terminal* until current begins 
to flow in the output and input circuits. 

The development of the equation which defines 
flux buildup in the theoretical oaae follows. It is first 
necessary to dsfine certain Quantities, and In each case 
the defined Quantities refer to only a single core of the 
magnetic amplifier core-pair. It is possible to deal with 
a single core because the rlee in d-c flux is identical 
in each core of an amplifier, although the directions of 
rise are opposite in phase. Let 

J% 0 m applied direct flux as supplied by the 
input cix*cuit. 

a the value of flux at which permeability 
becomes finite, l.e., the value of flux 
required to cause flow of currents. 

Designated as saturation flux. 
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- the peak value of the applied alternating: 

1 flux aa supplied ay the output circuit. 

#1, £ 1» *2» *2 “ .defined as previously, 
oince permeability was initially assumed to be infinite in 
the theoretical case, there is, as has been pointed out, 
no initial flow of current in the output oireuit. Conse- 
quently, the total alternating voltage applied to the 
output circuit appears across the reactor system, and half 
of this voltage appears across a single reactor. Similarly, 
ho current flows initially in the input circuit, and half 
of the total applied stop voltage appear e acroee the control 
oolle of a eingle reactor. In order to eetablish the time 
of blae building, the applied flux, 0^, must equal the 
difference between the value of flux required for flow of 
current and the peak magnitude of the applied alternating 
flux. This is the flux required to bias the alternating 
flux to a position sufficiently high that peak excursions 
extend into the nonlinear region of the magnetisation ourve 
during some portion of the oyole. Therefore 
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(4-21) 


By the law of induction 




0 » - ^ j* e dt 


(4-22) 


Thus, from Equation* 4-19 and 4-22 




^dC = gg" t 
X 


(4-23) 



and similarly, from Equations 4-22 and 4-20 (which assume 
a sinusoidal flux in the output circuit)? 
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In each o< ae the f otor of 2 ap earing In the denominator 
le made necessary bew u<« only one coll of the pair la 
under consider** tion. By combining .ouatio.-a 4- i f 4-2} 
and 4-24, the following expression le written.* 

0dc s ~ t * 0» - £2 (4-pr) 

or 



t = - 1 [* - *2 1 



(4—26) 



Equation 4-26 has been cheeked analytically for all of the 
differential an- lyzer solution® end agreement he e been 
found to be excellent, 0 g le found empirically from the 
measured magnetisation curve, and in thie problem, in ac- 
cordance with figure 4-5, 0s «*• found to equal 4 x 10~** 
webers. The value of Equation 4-26 will become ore ap- 
parent later in tills chapter. 



The An* lytlqrl Steady— St«K to Behrvlor of the oignetlo 

Amplifier 

The experimental behavior of the magnetic ampli- 
fier has been examined quite thoroughly in Chapter III. 

The remainder of Chapter IV will be devoted to (1) presen- 
tation of analytical results, and (2) correlation of the 
experimental results with the analytical results which 
were obtained through utc of the differential "n*lyaer. 

Throughout this report, all con >1&- rations of 
the eteady-fttate characteri«tio« of the magnetic amplifier 
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have been bused upon consideration of the modul* tlon 
characteristic of the n- gnetio amplifier. Thi« a >proaoh 
ha* been continued In tht ^nnlytieel otudi#*. 

In Fli jur • 4-10, modulation ch ri ct^ri-tle* for 
ea 3 jerl 1 aent.il ' nd *nflytlccl obeerv* tion* ere plotted. 

Hie circuit parameter* for the»e ob» serv tlons iden- 

tical for e^eh cnee. It will be noticed from Figure 
4-10 that the Modulation characterletlo eteeerved experi- 
mentally lies above the analytical characteri • tic by e 
constant value cf o^-rcxla* tely 2 ampere- turn*. The feet 
that the average value of the output -tM ere- turn e it 
larger by a constant f*otor in the experiments! c< «e ie 
directly attributed to two fectorsi ( 1 ) the f.-ct th-t 
Infinite initial- ier*« ability wa* assumed In the theoreti- 
cal ease while in the practical ca»e the initial permeabil- 
ity ie not infinite and ecma current will surely flow in 
the output olreult, nd (2) the more important f*ct that 
hysteresis end e.ly-current los ea were neglected in the 
theoretical c whll«- in the practical c* se It he 9 b^en 
pointed out th»t the initial hysteresis current is of a 
definitely me-- suable magnitude. Since me sure d msgnetl- 
xfttlon chi.racterljtloa for th>- core* employed have Indicated 
that the initial r e r:\ef. bill ty, while certainly net approach- 
ing Infinity, ie very great, the assuaptlonof Infinite 
Initial permeability in the analytical ca*e ie construed 
to be of less importance than the neglect of hysteresle in 
the analyzer problem, and, therefore, the major part of 
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the vari*- tioa between observed and a* lytic* 1 ciues la 
assigned to hy etwr" r 1# eifeot*. m it show j in figure 
4-10, the negleot of hyetsresl* h»* not had » aia.rk.o4 
derogatory effect on the analytic*! eto • ay— .u te solution 
and the error introduced i e ©one tank, end .*}*• not affsct 
the u*.efuln«»ss of the theoretical ©bi-rvs tione. In fur- 
ther dieoi i aiona of the effects of the va ious .>ar***et©r« 
on the ani lytic 1 module tlon characteristics, the observed 
variation* from experimental condition* which reault from 
neglect of losses r nt e*>ctly similar to the variation 
shown in Figure **— 10. It may be stated that the neglect 
of loss** and the ••function of infinite initial per- 
meability in the analytical solution* have not --teriolly 
affected the valu- of the dat* obtained fro* heee solu- 
tions, insofar >s the < tr y-st*te modulation ch- raoter- 
istlc* are concern’d. 

The diaouftslon of the steady-stats am transient 
response of the *iw lytloal a«*plifier is b*it -ivi. .»d into 
discussions of the im ut-cirouit parameters an- of the 
output- circuit -• rrmeters. The modulation c 1 r* ct«i rl sties 
obtained analytically will be discussed in the^e two cate- 
gories. 

(a) The Kffecto of Input Oil cul t i‘> on the Modula- 

tion Chwraoterittio — The reader will recall that all 
outi>ut currents •*er-' as sured, with a pl*nL*et r «nd tbenoe 
calculated by the dication of ^c^le f*ctor.. Since the 
planiaeter is not * precise instru^*nt, it i* conceivable 
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that error* ujr be present la eo**« which imj 

oauee inconsistencies in -he results. In general, tto* me 
inconsistencies have b*#n relatively unimportant. 

The .* eii .i.i © ru* dy tic* 1 i«odul;.tlon-c»- r>oteristte 
showing the effect of the in. ut-clrcult reeistanee, i<i, it 
shown on Figure 4-11. It will be aocle*<i on tnis figure 
that the effeot of on the analytical wotiul* tion chn ren- 
ter 1 8 tic la virtually negligible, *a would be -eoted 
from the for/a of the eou-stlons, because it i« the input- 
circuit curr ait, which determine the *•-* inltude of tlie 
curve it flowing in the output ciroult. In the analytical 
studies, the magnitude of the iiv ut » t#p~volt*ge *«s ad- 
justed a© di -a* varied, such that the input current wee 
maintained at an equivalent level for the various observe- 
tione of the effect© of different values of hi. It may be 
concluded, therefor*, that in accordance with both analyti- 
cal and experiment*] ob4erv- tlona, the in. ut ciroult resist- 
ance does not «• terl°lly effect the shape of thi modulation 
characteristic as lon ( . -\n the input current i maintained 
unaffected by cl vn^-t in this rrelstanoe. If the input cur- 
rent Is to oe uneff-ct"d by changes in i%, changes in the 
magnitude of the in.-ut step-voltage are Implied. 

The effect of the number of turns on the input 
coils of the amplifier is ehown by the . ul tion chrraoter- 
istlcs of Figure 4-12 . The bending and cro«s-ovsr of the 
characteristic at 1000 turns is attributed to inaccuracy of 
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of measurement with the plants -ter el the lo-ar vo lu« • of 
input current. A 0 wily, this chare ot#rletlc would be «x- 
peoted to be similar to those ehoen 4 turns end at 

3600 turns. Th* -crdul- tlon ch*-r. otertstlc* r 2 « lot’-wd In 
ampere-turn* <n:, th*. r^-for?, th'* c: :■ oivr'. tic for the 
lo"er rrlu^s of ctu/lly r-.,ulr» 1% r.;ur ' lu -f of Input 
ouiT«nt8 to rohce the <fm© es**u^t of aui turns in the 
output circuit. It 1* therefore entrant tui t the lr ut 
power renulrr . to ro<iuo* a glv«*n . o>e~e-t rr- output Is 
greeter when the Input turns ar? '*»c l>«ceu*o langur 

input-euTents ere required. The «neljtio*l effect of the 
inout turns on th'- >o*‘ illation ?•/>* racier! <*. tlo, r. expressed 
In impere-turn*, is virtuclly seglifible, n- this observa- 
tion is in *gr*e*«at with experimental investigations. 

(b) Th* c.f f * 0 ' t, of the Out ut Clrcul t . -'^ terfi on the 

kodulatlon Cluj's c ter ltftle — - Th** ext- eriwwn tel offset 
of the output-circuit rtelct*xic« , H?, which 1* 1? r^Xy 
co* o=ed of the gy' tee-load resiot' nee, ha* been considered 
In detail in Chapter III. A* explained roricuely, the 
manner in which the load refiet-nce effect* . t tic bah*vlor 
ic contingent u 4 /on simultaneous magnetic -ffecte <ri **lee- 
trieal effects in th* output circuit. Th** flattening of 
the modulation oht r* ctrie tic in the higher r^n^e* of input 
ampere- turns for 1-rge values of \ tu • tor* n **.>l/*ined on 
the bf sis of the voltage distribution in th* 0 rri-cr circuit 
and will not be considered fur t. or t thin tisw , Figure 4-13 
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shows tUs enalytlaolly ou*orv*<i «rr»»ot of the output-circuit 
resistance on thw moduli- tlon oit. j -• cterl • ;.lo. Notice that at 
the v*lue of R? r 2WO oY»** the o uletion ©}u rfot^rletio 
has c ■"'ime' tr. fill off nr the ' f-*ot A i ii» titration of 
the aedulstion civ raeteri* ilc 1». Dccouln^- v,-p*r<.nt. The 
other v-lu-ts of Rg, L * lri o °f lor-nv \*< o'-i 1 :''- not exhibit 

this offset » lthln the j tnyo of th* oV*#*tv tl- ns -) .oh ears 
made. The b*.*v-vior of the • nfi 1 yticil circuit 1» iv^iiii 
*.nr logouts to the sx^f rl*snt*lly-obi>/irv*'' • *h*vier *.ntl tends 
to confirm the ooncluflonc »*"i* i.revlcu 1 j th r*^< rl to 

th<* n/- turf of the effect of inors? sinv v u r.i :o re- 
el- t nee on th<* • ‘/'tic behnvior of the *> ullli r. 

'i jllorly, th- nii tun* of tin* t<n»< ytiu*.; ly-ongsrved 
effe.te of th. vj rl* tio; of the ^ut^ut- circuit turn, con- 
firms the obscrv, tlona and con»luelon*i lr< n iro-‘i • iparimsntsl 
evidence In the previous chapter, fix. *• n; ?.ytlc»;* re 'Its 
for turns variations In the )Ut.-u. ci/ouli * r»> o!v*n in 
Figure *1— 14. Wf. the c-c*. «<xp*riu cntnlly, thw.s is no 

definite trend of the effect. awfinlt>- fl. t tailing of 
the modulo tlcn ch»*r*ct rristlc occurs hon the /’g Is i eduoed 
to the vs lue of l jUO turns par coll, /■ nd risen of this 

r- suit «lth Flr^r< 3-1G, ln ***lch tlwllsr ..her cuu-l^tlcs 
are plotted for ri Hr •••ill a o - u. i rksd 

It: II* rity bet-usn analytical * n • ntol oo.*erv$tlons. 

As - s the c» *» empiric* 2 ly, so doe.' tbs n. lytlcel solu- 
tion Indicate cn ortliwur t lue of Ng for •oxir.ura < Xpert- 
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turn sensitivity of the amplifier. The semi-quantitative 
procedure for optimizing Nj> was discussed in Chapter III. 

The peak value of alternating flux in a single 
core wee defined by Equation 4-24-. It has been pointed 
out that if the peak value of this flux exceeds the satur- 
ation flux, a current will flow in the output circuit al- 
though the applied input circuit current is zero. Analyti- 
cally, because of scale faotor limitations on the differ- 
ential analyzer, it was not practicable to decrease either 
the secondary turns, Kg# or the alternating frequency, 
sufficiently to obtain fluxes of adequate magnitude to ex- 
ceed the eaturation flux at the peak value of the alternating 
flux. A simple computation made from Equation 4-24 will 
indicate that if is 4 x lCT*' webers. Kg is 1000 turns 
and frequency is 400 aps., a peak voltage of 102.4 volts 
per coil, or approximately 20f> volts total supplied to the 
secondary circuit, is required to produce on alternating 
flux sufficient to exceed the value of 0 8 . The differential 
analyzer wae readily adapted to produce an alternating 
voltage of 300 volts peak amplitude, and the results of the 
observations mads with this voltage are plotted on Figure 
4 - 15 . The output ampere-turns are noted to exceed 16 when 
the input current is zero. For various reasons, whioh 
have been discussed previously in this report and in detail 
In the literature#* the presence of a large Initial output 
current Is highly undesirable, and it le, therefore, eesen- 
1. Fitzgerald, A.S.. •’Magnetic Amplifier Circuits, * J.F.X., 

244 , < 1 ^ 75 , 249 - 263 . 
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tial that the flux excursion* of the output circuit ho re- 
•trio ted to lees than p B if the effect of large initial 
output-circuit current* it to be minimized. Limitation* 
of the roltage-generv ting and amplifying equipment available 
in the laboratory made it difficult to create an experi- 
mental situation having the same circuit parameters used in 
the analytical observation at 300 volt®, and again, the value 
of the machine solution in observing the fundamental be- 
havior of the circuit is apparent. 

The Analytical Transient Behavior of the Magnetic Amplifier 

The Elmen theory regarding the nature of hysteresis 
loss in iron-cored reactors under excitation at more than one 
frequency has been discussed previously. The theory has 
been further confirmed by analytical studies of the transient 
behavior of the magnetic amplifier. In review, the Elmen 
theory state® that if a core is excited at separate circuits 
in which the frequencies of the alternating parameters are 
different, the majox' portion of hysteresis loss is supplied 
by the higher frequency souroa. In accordance with this 
hypothesis, the effect of hysteresis loss would be expected 
to be more pronounced in the output circuit than in the 
input circuit of the magnetic amplifier. Such is, Indeed, 
the case. Analytically, the effects of variations in the 
lnput-olrouit parameters on the transient response of the 
magnetic amplifier ore very nearly exactly equal to the 
corresponding effects of variation* of these parameters as 
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observed experimentally . Quite on the oontrary, the ef- 
fects of analytical variations of the output-circuit 
parameters on the transient response of the amplifier are 
very different from the effects observed experimentally. 

The difference, as was pointed out in Chapter III, Is 
almost totally due to lose effects which are very pronounced 
In the output circuit. 

As was done in the preceding section, the output 
and input circuits will bo dealt with separately in dis- 
cussions of the analytical transient behavior of the 
magnetic amplifier. 

(a) The Effects of the Input-Circuit Parameters on the 
Transient Behavior of the Magnetic Amplifier — The 
character! stic time of the response of the magnetic ampli- 
fier to an applied step voltage for variations in the 
input-circuit current, 1^, was shown experimentally to be 
inversely proportional to the square-root of the input 
current. The nature of this variation has been discussed 
in Chapter III, The effect of upon the transient-time 
of the amplifier was confirmed by the analytical equations, 
and the inverse square-root function was shown to hold in 
the theoretical case. In Figure 4- 16 the variation of 
characteristic time with increasing values of input circuit 
current is plotted from observed analytical data as obtained 
from the a.nalyzer solutions for a particular set of circuit 
parameters, as indicated on the figure. Hie curve of 
Figure 4-16 is replotted on log-log coordinates in Figure 
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4-17, which also shows the experimentally observed 
variation for equivalent parametric conditions. The ex- 
perimental data used for comparison with analytical data 
was taken by photographing a single sweep of an oscillo- 
scope when the transient in the amplifier circuit was in 
progress. Tale technique has px’oved very valuable for 
observations of this type. The effects of increasing 
values of lx are shown by the series of photographs of 
transient behavior in Figure 4-lg. It will be noted that 
the characteristic-time variation plots as a straight 
line with a elope of minus f on the log-log coordinates 
of Figure 4-17, which confirms the inverse square-root 
variation due to lx* It will also be noticed that the 
experimentally observed curve lies beneath the analytical 
curve, or, in other word©, the experimental variations in- 
dicate somewhat lesser magnitudes of characteristic time 
than were observed for equal values of ix in the analyti- 
cal case. This phenomena is attributed to the presence 
of a small additional variable resistor in the input 
circuit which appears as a result of the hysteresis and 
eddy-current losses. The magnitude of this resistor is 
dependent on the magnitude of the lx and changes with 
increasing currents in a manner which maintains a con- 
stant difference between the curves of Figure 4-17. 
Aotually, as shown by the figure, the difference is small 
over the observed range and might be caused by normal 
fluctuations of the data. 
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FIGURE 4-18 

OSCTLLOSCOPIC PHOTOGRAPHS 
SHOE ING TIE BUILDUP OF 
OUT PUT- CIRCUIT CU^FHT, ip, 
FOR INCREASING VALUES OF THE ' 
INPUT CURRENT, i 1? WHEN A 
STOP -FUNCTION OE VOI^AfE 1 IS 
APPLIED T’O THE INPUT-CIRCUIT 
T'?PN INALS 



f = 400 cds. 

Ni = o600 T 

N 2 - 1000 T 

R^ - 10125 ohms 

Ro = 500 ohms 

e‘ — 100 sin volt 
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Observations mads analytically have permitted 
the plotting of families of ourves similar to those in 
Figure 4-1 6 with the various pamraetere of the circuit 
represented by different curves of the family. The data 
from which each of these analytical curves was plotted 
are tabulated In Charts 4-3 and 4-4. The families of 
curves show the variation of characteristic time with 1^ 
for different values of each parameter. It is then 
possible to select a constant value of the input-circuit 
current and to determine the variation of characteristic 
time as any individual parameter 1® varied. In these 
studies the value of of 2.22 twill lamperes has been 
selected as a standard for observation of parametric ef- 
fects. 

The variation of the characteristic time of 
amplifier- response with changes in the input-circuit 
resistance when the other parameters are held constant 
is shown plotted on log-log coordinates in Figure 4-17. 

Also plotted on this figure is the experimentally ob- 
served variation in characteristic time for the same 
circuit conditions as were existent in the analytical 
case. The experimental characteristic times were obtained 
from the series of oecilloscoplc photographs shown in 
Figure 4-19. A* was the cam with the analytical and ex- 
perimental variations of li, the comparison of analytical 
and experimental variations of % also indicates the pres- 
ence of & small additional variable resistance in the input 
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FIGURE 4- 19 

OSCILLOSCOPIC PHOTOGRAPHS 
SHOVING THE BUILDUP OF THE 
OUTPUT-CIRCUIT CURRENT, ig, 

FOR INCREASING VALUES OF THE 
IN PUT- CIRCUIT RESISTANCE, F^, 
WHEN A STEP-FIDNCTION OF VOLTAGE 
IS APPLIED TO THE INPUT- 
CIRCUIT TERMINALS. 
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cirouit as caused by hysteresis and eddy-current effects. 

In general, however, the agreement between experimental 
and analytical data Is excellent. The variation of 
characteristic time, (CT), with % Plots as a straight 
line with a slope of negative one on log-log coordinates, 
confirming the fact that the response time of the ampli- 
fier is an Inverse function of the total Input-resistance 
of the magne tlc-atapllf ier circuit. 

The effects of variations of the input-circuit 
turns were observed in a similar manner. The points 
plotted In log-log coordinates in figure 4-17 were selected 
from the family of curves for variations of character- 
istic time with input-circuit current. The experimental 
points, also plotted on this figure, were derived from the 
oscilloscope photographs shown in Figure 4-20. Again 
agreement between experimental and analytical observations 
is good, with the expected effect of hysteresis apparent 
for experimental cases. The slope of the straight line 
variation of characteristic time with input turns is ob- 
served to be equal to positive unity. The nature of this 
variation has been discussed in Chapter III and the analyti- 
cal observations confirm the experimentally observed trend. 

The effects of input-circuit parameter variations 
on the charact eristic time of the magnetic amplifier have 
been shown analytically to agree very closely with experi- 
mental date. The neglect of losses has Imposed no serious 
limitation to the analytically rigorous approach to the 
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FIGURE 4-20 



OSC ILLOSCOPIC PHOTOGRAPHS 
SHOWING THE BUILDUP OF THE 
OUT PUT- CIRCUIT CURRENT, ig, 
FOR INCREASING VALUES OF THE 
INPUT-CIRCUIT TURNS, N]_, 
WHEN A STEP-FUNCTION OF VOLTA fE 
IS APPLIED TO THE INPUT- 
CIRCUIT TERMINALS. 



f - 400 cps. 

N 2 = 1000 T 

R^ - 10125 ohms 

Rg - 500 ohms 

= 2.22 ma. 

e 2 =■ 100 sinoJ t uolts 
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solution of the equations of the magnetic amplifier Insofar 
as variations in the input-circuit parameters are concerned. 
<b) The Effects of the Output-Qircuit Parameters on the 
Transient Behavior of the iiagnetio Amplifier. — The 
concept of the buildup of biasing flux has been introduced 
previously. Since the buildup of flux bias consumes an 
appreciable portion of the total characteristic time of 
the amplifier, the amplitude of the flux in the coils of 
the output circuit is of great importance in the transient 
behavior of the magnetic amplifier. Ideally, the alter- 
nating flux-aiaplitude should be initially equal to the 
saturation flux. It is necessary that the flux amplitude 
not exceed this value because, as has been pointed out In 
the discussion of the static effects of flux, large initial 
currents will flow if the initial flux extends into the 
nonlinear region of the curve. It is, however, desirable 
that currents begin to flow as goon as possible after the 
application of the step function to the input terminals, and 
in order to accomplish thie end, the excursions of the al- 
ternating flux should be as great a® possible initially 
without exceeding the break value. Since the flux ampli- 
tude plays an Important part in the transient behavior of 
the amplifier, it is convenient to discuss the effects of 
output-circuit parameters thz'ough the medium of the effect 
of those parameters on the alternating flux. 

The effects of losses In the output circuit ars 
pronounced in the practical case, and In general, the 
agreement between analytical end experimental variations 
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of the output-circuit parameters has been poor. The 
nature of tho effects of losses on the magnetic-electric 
circuit has been considered in detail In the chapter de- 
voted to discussion of experimental results. 

as shown by liquation 4-24, the flux in tho 
output circuit is directly proportional to Eg, ond In- 
versely proportional to frequency and to Hg. Since 
large initial flux-excursions lead to small values of 
characteristic time, it would ttom apparent that an in- 
crease in Eg would, in the analytical cage, lead to re- 
duction of the characteristic time. As shown on the 

plot of characteristic time venue Eg on log-log co- 
ordinate e of Figure 4-2^ the expected decrease of 
characteristic tine with increases In Eg does not occur. 

A® is consistent with the linear-circuit theory defined 
by Equation 4-26, the initial drop in characteristic 
time with Eg is an Inverse function of this parameter. 

After the value of Eg becomes sufficiently great to pro- 
duce fluxes of amplitude in excess of $ # , nonlinear effects 
of the circuit take place, tho buildup of flux la aided by 
the flow of currents, and the drop in oha root eristic time 
becomes much more rapid. She variation censes to follow 
linear theory, ihe value of voltage required to produce 
was shown to be approximately 205 volts peak, or 145*5 
volts nas, for the standard-parameter conditions, and 
therefore, above this flux value the nonlinear character- 
istics become apparent. Because of the losses in the out- 
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FIG. 4-- 22. EFFECT ON CHARACTERISTIC TIME OF VARIATIONS OF OUTPUT-CIRCUIT PARAMETERS. 
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put circuit, the effect of experimental variation of 
lo radically different, hrvlng b positive elope of ap- 
proximately 1 / 5 , a» plotted on figure 4-22, froa the 
(latft represented by the photo-osoillogrephs of Figure 4-21. 
Since the ret mono for this behavior were discussed In 
Chapter III, it is only necececry to state hero that the 
analytical approach, because of core losses, does not 
adequately indicate the nature of the effects of varia- 
tions in Eg upon the tr< nsiont characteristics of the 
magnetic amplifier in the practical case. 

The effect of the output-circuit resistance on 
characteristic time was observed analytically and experi- 
mentally to be negligible. This result Is to be expected 
because the effect of the output-circuit resistance on 
the amount of voltage svailable to the reactors is con- 
stant and independent of the output-circuit losses. 
Examination of the photographs of Figure 4-23 shows oulte 
clearly that the transient tine of the amplifier is prac- 
tically constant regardless of the magnitude of the load 
resistor. Hie results of differential analyser Huns 27-45 
InoluGive, as tabulated on Charts 4-3 and 4-4, confirm 
analytically the lack of effect of Kq upon transient be- 
havior in the region observed. 

The flux-bias buildup concept, Equation ,l - 26 and 
Equation 4-24, would indicate that an increase in the out- 
put-circuit turns would result In an increase in character- 
istic time. This expected trend was found to lie true in 
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FIGURE 4-21 
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OSCILLOSCOPIC PHOTOGRAPHS 
SHOWING THE BUILDUP OF THE 
OUTPUT-CIRCUIT CURRENT, i 2 . 





FOR INCREASING VALUE'S OF THE 
PEAK VALUE OF THE APPLIED 
ALTERNATING VOLTAGE, E 2 , 
'■'HEN A STEP-FUNCTION VOLTA® 
IS APPLIED TO THE INPUT- 
CIRCUIT TERMINALS. 



f = 400 cps. 

N x - 3600 T 

N 2 = 1000 T 

R^ =: 10125 ogms 
R 2 = 500 ohms 

1^ — 2.22 ma. 



KEY 



(a) 


E 2 


rr 


80 volts 




(CT) 




8.0 msec. 


(b) 


e 2 




100 volts 




(CT) 


— 


8.6 msec. 


(c) 


E 2 




150 volts 




(CT) 


— 


9.2 msec. 


(d) 


Eo 


— 


185 volts 




(CT) 


— 


11.9 msec. 



(d) 




FIGURE 4-23 



OSOILLOSCOPIC PHOTOGRAPHS 
SHOEING THE HTTILDTJP OF THE 
OUTPUT- Cl PCTJIT CURRENT, i 2 , 

FOR INCREASING VALUES OF THE 
OUTPUT-CIRCUIT RESISTANCE 
R 2 , WHEN A STEP-FUNCTION OF 
VOLTAGE IS APPLIED TO THE 
INPUT-CIPCIJIT TER FINALS. 
(NOTICE TMT TH 17, EFFECT OF VARIA 
TIONS IN R 2 IS V^RY SHALL. ) 



f — 400 cps. 

% = 3600 T 

N 2 = 1000 T 

R^ — 10125 ohms 

i x - 2.22 ma. 

©2 — 100 slnuJt volts 



KEY 



(a) 


P-2 




100 


ohms 




(CT) 




8.65 


msec 


(b) 


r 2 


— 


500 


ohms 




(CT) 


= 


8.60 


msec 


(c) 


R 2 


— 


1000 


ohms 




(cT) 




8.70 


msec 


(d) 


R 2 


~ 


2000 


ohms 




(CT) 




8.73 


msec 
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the analytical case, and in accordance with liquation 4-?6, 
the time response Increase®, analytically, appro xl»a tely 
with the number of turns in the output circuit windings. 

Jhe observed analytical effcot, wo well as the experi- 
mental effect, are shown plotted on log-log coordinates in 
Figure 4-22. The experimental effect of increasing llg, as 
obtained from the photographs of Figure 4-24, shows that 
the characteristic time lo an inverse function of the 
square-root of %. The wide deviation between experimental 
and analytical results must again be attributed to output- 
circuit losses, ami it la necessary to conclude that the 
analytical approach, because of these lessee, does not 
present a true picture of the actual transient behavior 
of a practical magnetic-amplifier circuit. 

Time 1 imitations did not permit investigation 

of the effect of the output-circuit alternating- frequency 
on the transient behavior of the amplifier, but since the 
frequency, in accordance with Equation 4-24, affects the 
flux amplitude in the seme manner aa the output turns, 

It is anticipated that frequency effects observed analytic- 
ally would bo similar to the observed analytical effects 
of Kg. Since the analytical effects of Kg are not con- 
firmable experimentally, it is presumed that the analyser 
would not show correct frequency effects, again as a result 
of the circuit losses of hysteresis and eddy-currente. 
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FIGURE 4-24 



OSCILLOSCOPIC PHOTOGRAPHS 
SHOWING THE BUILDUP OF OUTPUT- 
CIRCUIT CURRENT, i 2 , FOR 
INCREASING VALUES OF THE 
OUTPUT-CIRCUIT TURNS, N2, 
WHEN A STEP-FUNCTION OF VOLTAGE 
IS APPLIED TO THE INPUT-CIRCUIT 
TE RMINALS . 



f 


- 


400 cps. 


Ni 


rr 


3600 T 


R 1 


— 


10125 ohms 


r 2 


— 


500 ohms 


il 


— 


2.22 ma. 


e 2 


- 


100 sinujt volts 





KEY 


(a) 


No 

(CT) 


(b) 


Np 

(CT) 


(c) 


No 

(CT) 



600 T 

11.6 msec . 

1000 T 

8.6 msec. 

2000 T 
6.1 msec. 




Conclusions Hegerdlng ths Analytical Studies 

The analytical approach to the magnetic amplifier 
problem ht 8 given excellent indications of the steady-state 
perfonaance which wight be expected, from n given nagnetlo- 
awplifler design. It has further indicated tha nature of 
choice of parameters which might be selected to fo^it op- 
timum operation In the e tardy- etet c to meet the requirements 
of a particular situation. The a nr I ytlcol approach has 
also indicated the nature of the effects of the input- 
circuit parameters upon the transient performrnce of the 
magnetic amplifier. Unfortunately, the analytical solution 
fails to give true indication® of the effects of the 
output-circuit parameters which affect the magnitude of 
the alternating flux in affecting the transient performance 
of the device. 

It should be remembered that the analytical 
studios were made using the moat simple magne tic-amplifier 
circuit. In general, usable nngne tlc-amplificr circuits 
are further complicated by feedback windings and by rec- 
tifier-demodulator units which will contribute decidedly 
toward complicating the equation* of amplifier performance, 
and would seem to make the analytical approach extremely 
difficult. 

This particular investigation ;aa, however, de- 
voted to examination of the fundamentals which affect 
mg no tlc-arapli f ior performance, and as such, the use of 
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the mechanical differential analyzer ha a been very valu- 
able, both in Indicating the precise nature of the 
amplifier performance, end in crystallising concept8 
which affect magnetic-amplifier performance. 
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CHAPTER V 



HiiXtENEiift TIVii: FSm. OB/XCK IN MAGMATIC AkrLIPIEHS 

The Use of Regenerative Feedback In Magnetic Amplifiers 

As ft means of improving the gain of the mognetlc 
amplifier, the use of regenerative feedback has proved 
valuable. Since the magnetic amplifier Is Halted in tiae- 
responeo to relatively low values, conceivably pert of the 
additional gain obtainable by feedback circuitry wight well 
be sacrificed In an effort directed toward reduction of 
characteristic time, with a resultant over-all improvement 
in the performance of the feedback circuit as contrasted 
with the performance of the basic circuit. 

The first noted use of regenerative- feedback 
techniques was that of P. H. Dowling of the Union Switch 
and Signal Company, who patented a positive- feedback ampli- 
fier in 1929. The techniques used by Dowling were greatly 
extended by two Genoa n engineers, Theodor duchhold and 
Wilhelm Geyger, during and in the few years preceding World 
War II. Reoently, under the auspices of the N«vy Department, 
Bureau of Ordnance, experimental investigations of positive 
feedback techniques have been continued in detail at the 
Naval Ordnance Laboratory, White Oak, Maryland. 

In view of the interest being currently shown in 
the use of regenerative feedback, it wee deemed advisable 
to examine briefly the uee of positive feedback in magnetic 
amplifiers as an extension of the basic studies which were 
defined as the primary objective of this research. 
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Theory of degenerative Feedback, In Magnetic amplifiers* 

Let us consider for a moment a basic magnetic 
amplifier in whioh an additional set of winding# hove been 
applied to each core. The additional set of windings is 
to be wound with exactly the earn© number of turns as em- 
ployed on the output circuit of the basic amplifier ; 
that is 

«2 r » 3 » < 5 - 1 ) 

where N3 is the number of turns per core of the additional 
winding. The tertiary windings are connected in a manner 
which will cause the fluxes produced by currents in these 
windings to be additive to the fluxes produced by currents 
in the input-circuit coils. The current flowing in the 
output circuit of the amplifier is rectified in an ordinary 
full-wave-rectifier bridge, and the rectified current is 
applied to the tertiary or feedback windings. The nature 
of the connections required is shown in Figure 3-1. 

It has been pointed out previously that the 
average value of the output ampere- turns of the basic 
amplifier is approximately equal to the average value of 
the input ampere-turns over the region of normal amplifi- 
cation. When the output current is rectified and applied 
to the feedback windings, which, we recall, have the same 
turns as the output circuit, it is clear that the ampere- 
turns of magnetising force in the feedback circuit are 
approximately equal to the ampere- turns of the input circuit. 

♦The basic theory in the next 2& pages Is adapted from 
Buchhold, T. , **uber Glelchotromvorznagnetlslerte w® cheel- 
y|^|jresse^|^u^||j und der Ruokkopplung, “ A.f.E. . 
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Since the fluxes produced by the magnetizing foroe in the 
feedback circuit are additive to those produced by the 
Input-circuit magnetising force, it is possible to state 
that the feedback magnetising force may be repreoented by 
the distance (-NI)-j on the modulation characteristic of 
Figure It will be noted that (NI)^ is of sufficient 

magnitude to provide the magnetising force necessary to 
extend Just to the elope line, which represents the 
ideal case. If the amplifier is to be operated at the 
point n P* f it la then necessary that the input circuit 
provide only the magnetising force represented by the 
distance (NI)i. ftio magnitude of (HI)^ depends upon the 
per men bil tty of the core material, and can be mads very 
small if the permeability is great* Since (HI)^ is of 
ouch lesser magnitude than (NI)^, the power gain of the 
amplifier operating at point is auoh improved by the 
addition of the feedback windings, 'flie new condition In 
the amplifier input circuit may be expressed 

(m i s (N2) 3 + . <5-2) 

Ihe average value of the output ampere-turns remains un- 
changed although the required input ampere- turns have 
been reduced. It may be seen In the exaggerated drawing 
of Figure 5-1 that below the point “A H , the value of (N2)^ 
required to operate along the modulation characteristic la 
measured in the negative direction. At point “A”, <NI)| 
becomes aero and above this point the feedback lnput- 
magnetizing-foroe, (NI)x* becomes positive, eventually 
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FIG. 5-1 (a) FULLY-COMPENSATED FEEDBACK. 



Cvi 




FIG. 5-1 (b) OVER-COMPENSATED FEEDBACK. 
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becoming very greet ae saturation occurs. From these 
considerations it is possible to construct n revised 
modulation characteristic for the feedback case. Such a 
revised ©ha motorist io is shown in Figure 5-7* The case 
which has been discussed) i.e., Kg * H*j, hno been desig- 
nated as fully-conpen sated regenerative-feedback. 

If the feedback turns, ere increased to 
some value greater thrn Kg, the value of (MI)j becomes 
greater than (KI)g, since the currents arc the same. Con- 
sequently, (NI)j is of greater magnitude than (NI)^. On 
a modulation character! otic, as shown in Figure &-l(b), it 
is seen that (KI>^ is measured to the line Q-X which has a 
slope of leas than 4-5°, the actual value of this slope be- 
ing dependent on the ratio of to Ng and defined by 



tan 0 



*2 



( 5 - 3 ) 



Under these conditions the point "A" is seen to occur at 
an increased value of output ampere- turns. Above the 
point rt A w , saturation occurs rapidly, and consequently, 
the usable portion of the characteristic is represented by 
that portion lying below *A W . In this region (NI)^ is at 
all times measured in the negative direction. It will be 
noticed that at two points, “B tt and "‘C*, the values of 
(MI){ are equal. This equality results in an instability 
in the amplifier perform&noe and in a discontinuity in the 
revised modulation characteristic. The nature of this 
singularity is shown more clearly in Figure 5-7, where it 
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mb/ be seen that, because of the discontinuity, there is 
a very rapid rise in (HI) for a Minute ch?nge in the 

c 

input Magnetizing force, corresponding to the double-valued 
function of (WI)2 R t the value of represented by 

end. *0“ of Figure The value of ovorconipensatad 

feedback, as this situation is designated, for on-off 
control, is obvious. Large output currents ere controlled 
by extremely small changes in the input current. It is 
possible to add «. fourth set of windings to the Magnetic 
amplifier, which, when fed with an additional supply, will 
bias the overcompensated characteristic of Figure 5-7 
toward the right in Figure 5“7 i** s Manner which will 
cause the singularity to occur at the origin. 

Static Character! atlos of Feedback Operation 

A comparison between practical cases of fully- 
compensated and overooispen sated feedback is shown on 
Figure 5 - 7 . Actually, there ie soiae question as to whether 
the case represented by the Modulation characteristic for 
fully compensated feedback does indeed represent the op- 
timum value of 1Q($ compensation. The reader will recall 
that the winding* of the core* need for the study were tapped 
every 200 turns, and under these conditions, it is thus 
theoretically possible to Bake (KDg <*qu*l to (IX)y In 
the practical situation, however, although JBg is equal to 
Hj, it is likely that I3 is slightly less than because 
some losses and distortion are inevitable in the rectifier 



»/***•• . . '*■/*' • o.' 

•>«f »•; •*»*'• »• < • •**> . (T*) r.: vu • Jo’t.c-. x*v * * 

liji/rv... •/;«., , tf ; • «!*.’-(•' nni#l;*f3 • » ... »ii 

;c * *• re r#.l v f* JJ l) V. ■/* 

• * ■ *' » ■ • r »'*’ . » }J-^ r.wjl 7 ?o ;*r» 

V.--.V r( m ,:>t , /> . r I - 4' |1 3 «j ,j LO * ' •••' 

r-« , * .* - > •t -.t ■ • *.-«-•* o • i 

: X • •■ •+ i*t •• •■ . ,n;* . \J 

• •; ' • ’ r ; .? a t.-« •- •XcJiicx 

' • ’ ‘ . i * 1 * • *- ' ’ • ' •' >- u ,<ii. t • • • *l . .. 

Y- * -j» - - i. • »r • ‘ r - . • v i vi «*;4 

*- ■ *l» *• ’ • • r t~.. • j.»/I i_ I.UJLi -..l# ^ ,* 

■ . *• : • :j ;<1X t ,/ _• 1|J *kxius 

•> . »ffj ojw e 

-r: J ) «#t .«: j 

f ’*' ». . . •: - r <, .,*► « *,... on. - •' . < % i* * ic-o 

•• . • '• • • *>%•! s t ; i*oj'3 ,\-<i 

r *cf i-x'roftr»* j»- •••i* fruJ 

<* • * • - a -m A*i .-u « i u 1 .i £■• * i u.i9' ,. - xilm 

•v- ! ’• 1 * ' * *' .(! «t.' i« *u.’ . M-Ijt? 

Hi » »)«•’ f^iuem -At n<!\ «ai(j *a? t* *.*tU ' • iv •£ ,1 

t »* VA/i/ !•:•> -,.*t ...... c 4 

- ir 4 X--: ••! r. t •; -j' 1 '**.- ^ s. • '-J! •‘•'J 

k ii $* i-T4i.v/^ra ,Vf. vfi <*j« ;^r04',i • rJ 

*1 <U<tr «««r xr#%4i* a I ; I ;«0 «x 

tOllil ) ^ llii lu <• i i Wi i V_»*< l^A 4s.%. i •* ^ 0 > • 4 OlC |cOi 



units. It would, therefore, have been desirable to have 
provided a mesne of increasing the turns in the feedback 
winding by some smell amount in order to maintain (SI)-j 
equal to (NI)2 by compensation for the rectifier distortion 
end losses. Unfortunately, such a procedure was precluded 
in this brief study because the toroids were potted in 
Cere sin Wax in order to Increase the breakdown-voltage 
between windings during studies made of the basic circuit. 

In general, it is recommended that means be provided in 
the breadboard circuit to make smaller adjustments of the 
number of turns in the feedback windings. Perhaps under 
theee conditions, a steeper curve than that shown for fully 
compensated feedback in Figure *>-7 would then be attainable. 

It is essential, whenever regenerative feedback 
is employed, that the rectifier bridge bo perfectly symmet- 
rical. If such symmetry does not exist, an unbalanced 
waveform will be observed in the current in the feedback 
windings, which results in an imbalance in the output cur- 
rent waveform. Four Kcnwood-Linse Type 32681 selenium 
rectifier unite were available for this study. Dissimi- 
larity between these units made it undesirable to use the 
dry-disc rectifier bridge, however, because of the un- 
balanced waveforms produoed. Consequently, a rectifier 
bridge composed of two 6H6 double diodes was constructed. 
Approximately ten of these tubes were tested before a 
sufficiently matched pair was found to eliminate asymmetry 
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in the output «*» veteran o 1 the amplifier. Ia the practical 
magnetic amplifier, the use of dry- disc type rectifiers is 
highly desirable, because the filament- supply problem Is 
eliminated. In the laboratory tests, convenience indicated 
the use of the diode bridge. A comparison of the modulation 
characteristics produced by the bridge composed of type 326 SI 
selenium reotlfler® and the 6H6 dioue bridge le shown in 
Figure $-S, The steeper elope oseool&tod with the dry-disc 
rectifier bridge Justifies the use of these units when 
matched pairs are selected. In general, the use of dry- 
disc rectifiers is desirable because the amplifier circuit 
is then wholly without tubes. 

The subject of the choice of rectifier units for 
the feedback magnetic-amplifier requires further study. 

The shape of the modulation characteristics for 
magnetic amplifiers utilizing fully-compensated feedback 
depends on the factors which influence the shape of the 
modulation character! sties for the basic circuit. Tills 
statement is borne out by the measured feedback modulation- 
characteristlca of Figures 5-3 » ir-5 Rtl d *>-6, which show the 
effects of #2, s 2 % respectively. 

The modulation characteristics of Figure 5-3 are 
quite similar to those of the basic circuit in which a 
variation in the load resistance Kg ia made. The falling 
off of the characteristic for large load resistances is 
again apparent. The nature of this flattening hne been 
discussed in connection with investigations of the basic 
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circuit, and the discussions In Chapter III are directly 
extendable to the present feedback situation. The curves 
of Figure 5-jf attain further practical significance when 
converted to curve® which indicate the power output and 
gain of the magnetic amplifier at given Input power levels. 
Invariably, when the feedback connection ie used In a 
single amplifier, the additional sat of windings, called 
either biasing or compensation windings, and designed to 
shift the modulation characteristic to the right, are em- 
ployed. The shift la made such that the dip of the modu- 
lation characteristic ocoura at the origin, i.e., for 
zero Input current. In the power-output and gain 
characteristics shown. It Is assumed that such an addi- 
tional winding has been employed to shift the character- 
istic to the right by 1.5 njilliamperee on the Input scale, 
file power necessary to supply the additional windings Is 
readily available from the a-o power supply after a por- 
tion of the supply current ie rectified. This conversion 
nets been carried out and the results are shown plotted In 
Figure *>-k. The power output In watts Is plotted versus 
the Input current squared. The input resistance is again 
offlltte<a,as was the cafe# with similar curves for the basic 
circuit, in order to allow flexibility in the selection of 
this parameter, because of ths important effect of % in 
determining the characteristic time of the dynamic perform- 
ance of the amplifier. On the seme figure, the gain of 
the amplifier times the input circuit resistance is plotted 
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FIG. 5-4 POWER OUTPUT AMD GAIN FOR THE FULLY- 
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vex aus (I^) 2 . It is apparent, from those curves, that 
there Is a definite optimum value of at which the 
gain roaches a maximum. This peaking occurs for a value 
of dg of approximately 1000 ohms, and at a value of 
(input current)'* eoual to 10"^ amps/ . The ourves indi- 
cate that the choice of load resistance must be breed 

p 

upon the level of input power (represented by (1^) ) end 
then selected from the optimum gain conditions at this 
level. In sotae cases it may be noces&nry to sacrifice 
gain In order to obtain larger values of output pover. 

Hie gain curves of Figure 5~^ were made with 2000 turns 
on the input windings, while gain curves shown in Figure 
3-19 were observed for 3^00 turns on th© input windings. 

If tlio curves of Figure 5*^ are corrected by th© sousrod 
turns ratio critex*lon established by Equation 3 -X 7 , it 
may be seen by comparing Figures 3*19 end 5-4 that a gain 
Improvement, depending on the magnitude of the input re- 
al c trace , of the order of 100 to 150 , Is possible with 
regenerative feedback In the region where th© squared 
value of the input current is approximately 10"^. This is 

p 

the value of (X^) at which the gain of the feedback 
circuit reachrs ft maximum, and also is a value at which 
the bftfeio-oircult galn-charactirifitic is at its maximum 
point. For Identical conditions, the improvement in 
power output is of the erdeh *.e the improvement in 

gain with positive feedback. A careful adjustment of the 
feedback turns sc aeecribed to obtain perfect ICQ,* feed- 
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back Wight penal t a better gain improvement than that 
shown in these limited observations. Both Figure 3-19 
and Figure ^>-4 emphasize the important and somewhat un- 
fortunate part played by the input resistance in deter- 
mining the gain available from a given magnetic amplifier. 
Again, these figures emphasize the significant fact that 
excellent gains are obtainable with a magnetic amplifier 
if dynamic response is of sufficiently email importance 
to permit the use of a minimum input resistance. 

The effect of the magnitude of the peak alter- 
nating voltage, Kg, in the feedback ease is also analogous 
to this effect in the basic amplifier. The value selected 
should, for optimum operation, bo sufficient to produce 
a flux with peak amplitude equal to 0 e . Values of applied 
voltage of lesser magnitude result in premature flattening 
of the modulation characteristic, aa shown in Figure 9 - 5 . 

If kg is sufficiently great to produce alternating fluxes 
of magnitudes greeter than p gt the minimum or dip point 
of the feedback modulation characteristic will be increased, 
and the excitation current flowing in the output windings 
for zero input-current is increased to an undesirable 
figure. The dleouseion here implies that the modulation 
characteristic ha e been shifted to the right by an addi- 
tional set of colls so that the minimum of the character- 
istic occurs at zero input current. 

The effects of Kg, which must equal theoreti- 
cally, are aleo similar in the feedback case to those 
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effects observed in the basic circuit. oust also bo 
adjusted such that the peak excursion of the alternating 
flux is equal to or the minimum points of the modulo- 
tlon characteristic will bo raised, os shown in Figure 5-6. 
This effect is particularly evident in the modulo, tlon 
curve for Ng m m 600 turns. The selection of Ng, as 
well as that of E 2 *»d frequency, is governed by the op- 
timum magnitude of alternating flux. 

The Theory of Feedback Pain 

The basic concepts of regenerative-feedback, as 
Introduced by Buchhold and discussed in the early pages of 
this chapter, ore extended in the following paragraphs to 
explain the gain characteristics obtainable with fully- 
compensa ted regenerative- f eedbnck. 

Formulas for the power gain of the basic ©jspll- 
fier were developed and presented in Chapter III. When 
dealing with magnetic amplifiers it 1c also convenient to 
consider either ampere- turn gain or current gain, since the 
power gain of the amplifier depends upon the currents in the 
input and output circuits. The developments of this sec- 
tion will be devoted to consideration of the ampere- turn 
gain of the basic magnetic amplifier and of the magnetic 
amplifier with regenerative feedback. 

In the idealised magnetic amplifier, as discussed 



in Chapter III, it has been shown that 
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{Hl ) 1 = (til) g 



b-v 



In the practical ba Blo-suapllfler, tho equivalent 
concept, bee* sue per*#*blltty Is not infinite, la 

(UI) X « (NI) 2 (5-5) 

Actually ( NX ) x is slightly gr#u ter than (hi ) 2 , the amount 
greater being, as was shown, an inverse function of the 
permeability of the core material. 

It Is possible, then, to define the ampere-turn 
gain, K Xf of the basic amplifier: 

Kl * isjjf (i ->- 6) 



£he value of Xj is Ideally unity; in the prac- 
tical case Kj is lees than unity. Although the aspere-tum 
gain is equal to or less than unity, it la ©till possible 
to obtain power gains in the h-*lc circuit and the method 
has been developed. (See Equation J-IJ.) 

According to accepted feedback- theory, the gain 
of a system with regenerative feedback is defined 



K* a JL 

X-/3K 

where 



b-D 



X* m gain of the feedback system, 

K a gain of the system without feedback. 



p> m feedback ratio. 

By reference to Figure And Equation jj-2, 

the following relationships for th® feedback system are 
established; 
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K a ffig a (NI ) 2 

(ni) i (m[ ♦ (mi > 3 (b-o) 

Ideally for full company tlon 

(ni) 2 . (w ) 3 , ( 5 . 9 ) 

but In the practical cr se (NI)g l* ilightly greater than 
(NI)^ because of lose In the rectifier system. The feed- 
back ratio l» defined 




Fron Equations 5 - 7, 5-8 and 5-10 



( 5 - 10 ) 



(»T)p 

K “ JESZIME. 

! _ (iff ) 2 <5-11) 

(iff) 3 

or 

yt (MX) 2 

' * <ril')'{ i <IU) 3 - (SSTg <5-ia 

Let ua consider Equation 5-12 in the light of 
the idealised situation of infinite permeability. Under 
these conditions (*I)£ is identically zero, (NI)g and 
(Ml ) 3 are equal, the denominator la zero and K* becomes 
infinite. We see that the ampere- turn gain has been In- 
creased In the ideal case from unity for the basic circuit 
to infinity for the c*ee of fully- compensated feedback. 

In the practical cage, of course, (XI)^ is a 
finite value and an Inverse function of permeability, 
while the difference between (XX)g and (NI)g Is small 
and a direct function of the rectifier losses and die tor- 

i 
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tion. The value of 1C* lg still very l»rge. Hkmntion 
5-12 Indicate* that high -per.aea bill ty corenaaterlelg and 
low-loss rectifiers t re easentlal for feedback wagnetlc- 
ampllfler designs. 

Dynamic Performance with degenerative Feedback 

The time available for dynamic feedback studies 
wag very limited, and did not permit a thorough investiga- 
tion of this subject. A few remarks relative to the 
effect of regenerative feedback on the dynamic performance 
of the amplifier are, however, presented here. 

It would be desirable to be able to predict the 
dynamic performance of the feedback amplifier from the 
dynamic performance of the basic circuit, since it is 
possible, v?ithln reasonable limits, to anticipate the 
dynamic behavior of the basic circuit by methods which 
have already been desorlbad in the earlier chapters. A 
mean* for such a prediction la not, however, apparent to 
the author® at the present time. The additional feedback 
windings, and the buildup in current In these windings, 
involve factors which greatly complicate the dynamic be- 
havior. The effect of Input-circuit current on dynamic 
performance it also complicated by the addition of feed- 
back windings. In the basic circuit, the biasing input- 
current for an alternating signal may be selected anywhere 
In c wide range of linear ampere- turn sensitivity. Refer- 
ence to any of the feedback modulation characteristics in 
this chapter will show that. In the feedback case, the 
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range of selection ia greatly narrowed, and ls f In 
general, limited to somewhere In the range from 0.3 to 
1.3 fflllllamperee. The limitation le 0 result of the 
faot that muoh of the effective "input" a gnetlalng force 
Is, In effect, supplied by the feedback windings, since 
these windings are connected In a manner additive to 
the input circuit windings. 

A single sinusoidal band-pass characteristic 
for a feedback amplifier is shown in Figure fj-S. The 
input resistance is approximately JOOO ohms plus the re- 
sistance of the windings. The biasing current le 0.7 ma., 
which insures operation over the moat linear portion of 
the feedback moduli* t ion- ch« rsctsri stlo . The observed 
bandwidth i® seen to be of the order of 12 cycles per 
second, whioh is rather low for many educations, and 
cortalnly lower than what might be expected fro® the btislo 
circuit with a 7k Input resistance and a moderately large 
biasing current. The fact that the biasing ourrent may 
be lower in the feedback ci:<«e is no specific advantage, 
since this ourrent can be readily supplied by rectifying 
a portion of the main supply voltage j the power consumed 
is thence independent of the signal source. At any rate, 
a substantial reduction in bandpass is apparent for the 
feedbaok circuit as compared with the basic circuit under 
similar conditions. Of course, the gain has been improved 
by the ugo of regenerative feedback. 
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The proportions t« Improvement in gain and reduc- 
tion in dynamic performance should be investigated more 
thoroughly. Tho effect of the use of regenerptlve-ampere- 
tum feedback on the grin- bandwidth product, rather than 
on gain alone, is particularly worthy of further etudy. 

Analytical Kquatlons of the Feedback Amplifier 

A set of analytical equations, similar to those 
employed in the solution of the basic magnetic amplifier, 
may be prepared for the regenerative- feedback amplifier. 

She regenerative-feedback a uspllfler- circuit io shown in 
schematic form in Figure 5-9* **ew parameters defined by 
this figure include the resistance of the feedback wind- 
ings, Rj, the forward resistance of a single rectifier 
unit, %, and the current ij which Is the rectified value 
of Ig. Thu s 

h 9 t ** (5-13) 

where the signs alternate each half-cycle of the carrier 
voltage. Ideal rectification is assumed in the rectifier 
units to the extent that the back resistance is infinite 
and tho forward resistance is a constant independent of 
the value of 12. In the practical rectifier, both forward 
and back resistance are nonlinear functions of the excit- 
ing current, and such a function could be readily handled 
by a differential analyzer. The equivalent circuit of 
the Idealized rectifier and the feedback circuit as seen 
by i2 is shown for one half-cycle in Figure 5~lQ(a), and 
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(a) EQUIVALENT RECTIFIER (b) EQUIVALENT RECTIFIER 

CIRCUIT FOR 1ST HALF CYCLE. CIRCUIT FOR 2ND HALF CYCLE. 



FIG. 5—10 RECTIFIER CIRCUITS. 



for the next alternating half-cycle In Figure 5-10(b). 
the reversal of ig each half-cycle as this current flows 
in the feedback circuit le shown In these figures. It 
Is also apparent that an additional resistance, 2 Hj., is 
Included in the path of ig through the feedback circuit. 

The system loop-equilibrium equations for the 
loops defined by 1 ^ and by lg (including the feedback 
loop and recalling Equation 5 - 13 ) formulated from 
Figure 5-9 end from Figure 4-2; 



•i a R l l l * K 1 ** W 1 ^2 
dt ' dF* 



(5-14) 



eg s (Hg + 2 Hj. ♦ H-j) lg ♦ % d ^l ♦ 

" dt 



8) ^2 > Hi Hft r H- O0Z 

« - ar ' 3r 


(5-15) 


?! s t (Hgl 2 ♦ fill i iljlj) 


(5-16) 


?2 s t («aq • H i 1 i ; “^ 3 ^ 


(5-17) 



The * signs in the above equations ere associated 
with rectification at ig when this current is applied to 
the feedback circuit. 

A problem for the differential analyser could be 
formulated fro?* S^uatlons 5-14 5-17 Inclusive. The 

mechanical layout of the differential analyser would require 
provision for reversing the signs each half-cyolft, as In- 
dicated In the equations. The reversal might be accomplished 
by including a set of Idler genre in each appropriate gear 
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box. A* i 2 passes through zero In the solution, it would 
then be necessary to stop the machine and reverse the 
necessary shafts through use of the idlers. The value 
of an analytical study bseed upon these equations would 
be weighed, as woe the Investigation of the he sic circuit 
of this thesis, agnlnet the Importance of the losses in 
the carrier circuit, but would undoubtedly be of signifi- 
cant value in elucidating many of the features of regenera- 
tive- feedback magnetic-amplifier performance. 
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CHaPTLU VI 



SUWIaHX MU COBCUfilGHB 
butarnary of the Ho search 

'Hale thesis h»o nttempteu to investig.. to the 
fundamental behavior of the magnetic amplifier both from 
experimental end Analytic studies. Although various 
articles have appeared in the literature pertaining to 
the static performance of the amplifier, relatively little 
has been published concerning circuit dynamics. Both 
static and dynamic aspects have been explored in this re- 
search, with particular emphasis on dynamic studies based 
upon both transient and f re qua ncy- response data. The 
mathematical analysis of the circuit is complies ted by 
the nonlinear nature of the differential equations which 
characterise the system. The solution of these equations 
by means of the differential analyser is believed to be 
an original ©ffo *t. In order to arrive at circuit funda- 
mentals, the simplest case of interest was chosen as the 
starting point of the investigation. This circuit is 
the basic magnetic amplifier which Involves no feedback 
techniques. A thorough study was made of the br sic clr-^ 
cult correlating experimental and analytical data wherever 
possible. A rather large amount of experimental character- 
istics have been included in the theel® because of the 

f 

paucity of concrete design data in the literature. It is 
hoped that the inclusion of this data may be of some value 
to future investigators. After studies of the basic circuit 
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were completed, the remaining available tine waa devoted 
to eapf*rl»ent«l investigations of regenerative ampero- 
t lrn feedback. 

Ha suits of the flaHearoh 

A thorough study was made of the basic magnetic 
amplifier and quantitative design criteria were obtained. 

The effects of all circuit pa reuse ter e w ex*® studied, a 
family of curve# being plotted for each parametric varia- 
tion. These curves, ns determined e xpe rinen telly, ere re- 
produced in Chapter XII. An analytic formulation of the 
basic-circuit problem in terms of the differential loop- 
equilibrium ecuntiona was mad®, neglecting hysteresis and 
eddy-current losses, and the machine solutions were compared 
with experimentally determined steady-atate and transient 
response. Tha results of this study, which ore tabulated 
in Figure 6-1, Indicate satisfactory agreement between 
experimental and theoretical steady-state performance. Im- 
portant differences were obtained, however, between experi- 
mental and theoretical dynamic behavior. Although the 
effect of the control-circuit parameters upon the effective 
characteristic time agreed in both oases, the dependence 
of characteristic time upon carrier- circuit conditions re- 
vealed major discrepancies. Those Inconsistencies are 
attributable to the functional relation of the core losses 
upon the carrier-circuit conditions, as expressed by Equation 
3 - 27 , and which was neglected in the analytic solutions. 
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I STATIC TRENDS- THE EFFECT OF ONE PARAMETER UPON THE 
MODULATION CHARACTERISTIC, OTHER PARAMETERS CONSTANT. 



PARAMETER 


EXPERIMENTAL 


ANALYTICAL 


REMARKS 


c c 

0 \ 

y r 

1 s 

* T 


R, 


NEGLIGIBLE 


NEGLIGIBLE 


NATURAL MAGNETIZATION - 
LOW CONTROL CIRCUIT 
IMPEDANCE TO CARRIER 
EVEN- HARMONICS 


N, 


NEGLIGIBLE 


NEGLIGIBLE 


c c 
A 1 

RR 
R C 
1 U 
E 1 
R T 


Rz 


INCREASING R 2 INCREASES 
LINEAR RANGE 


ANALYTIC RESULTS CHECK 
EXPERIMENTAL trends 
OVER THE LOWER 
INPUT RANGE; NOT 
EXAMINED OVER 
HIGHER INPUT RANGE. 


AFFECTS ONLY E L /E a 
CHARACTERISTIC 

(fig. S-5) 




INCREASING E 2 INCREASES 
LINEAR RANGE 


AFFECTS ONLY A.C. FLUX 
AMPLITUDE 


fz . 


INCREASING f 2 DECREASES 
LINEAR RANGE 


AFFECTS BOTH E l /E z 
AND FLUX AMPLITUDE 


n 2 


OPTIMUM tM a EXISTS 
FOR MINIMUM 
LINEAR RAN6E 


AFFECTS BOTH E u /E a 
AND FLUX AMPLITUDE 



I DYNAMIC ' TRENDS - THE EFFECT OF ONE PARAMETER UPON 

THE EFFECTIVE CHARACTERISTIC TIME, OTHER PARAMETERS CONSTANT. 



PARAMETER 


EXPERIMENTAL 

FREQUENCY-RESPONSE 


EXPERIMENTAL 

TRANSIENT 


ANALYTICAL 

TRANSIENT 


REMARKS 


c c 
0 l 
N £ 

T C 
R U 
0 I 
L T 


i, 


«?T)~ vL 


( CT )^ JTr 


( CT )^ vf7 


ALL CHECK 


R. 


(ct) — ^7 


(ct)- r, 


r7 


ALL CHECK 


N, 


(CT)- N, 


(ct) - *' n, 


(ct)— n, 


ALL CHECK 


C C 

A l 
R K 
R C 
1 U 
E | 

■R T 




(CT)-(Ra) y 3 


NEGLIGIBLE 


NEGLIGIBLE 


ANALYSIS NEGLECTED 
CORE-LOSS FUNCTION 
THEREFORE DIFFERENT 
FROM EXPERIMENTAL 
DATA. 

FREQUENCY - RESPONSE 
DATA INVOLVES 
CONSTANT X, BIAS; 
WHILE X, TRANSIENT 
BUILDS UP FROM ZERO; 
HENCE THE DIFFERENCE. 




(CT)— (E a )>4 


(CT)-(E 2 ) y s 


(CT) - ^ 


L 


(CT)- £ 




NOT 

EXAMINED 


N 2 


(CT)- ^ 


(CT >~ik 


(CT)- 



FIG. 6-1 BASIC CIRCUIT STUDIES. 
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Th# differential analyzer wrs directly res /onoible for 
disclosing two effects which otherwise might have escaped 
observation. These were, first, the concept of flux- bias 
buildup, end secondly, the ralt tlon of hysteresis to the 
carrier-current wave fora. Finally, an «p .roxluate expres- 
sion for power gain. Equation 3-17» was developed. By 
comparing this relation with the effects of circuit para- 
meters upon characteristic time, tabulated in Figure 6-1, 
it is evident that R compromise between gain and bandwidth 
must be accepted. 

Results frost the studies of the regenerative 
maper e- ttirn feedback connection ere snore of n Qualitative 
nature than Quantitative. Lack of time curtailed a more 
thorough investigation of this circuit. As would be ex- 
pected front a consideration of feedback-amplifier theory, 
the sensitivity of this circuit is much greater than that 
of the equivalent basic circuit, but the bandwidth ie much 
less. Further study should indicate whether or not an 
overall improvement of the gain-bandwidth product can be 
obtained with the feedback connection. Experimentation 
with this circuit revealed that the rectifier bridge must 
be carefully balanced if a eyr% letrical carrier-current 
waveform is to be obtained. 

Conclusions 

The results Indicate that certain design criteria 
have been obtained which will permit a prediction of both 
power-gain and amplifier-bandwidth. It has been shown that 
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® compromise between t.ho two, consistent with the require- 
ments of the particular application, must be sought. In 
order to crystallize the*© concepts, a sample design to 
aeet fixed specifications Is outlined In the Appendix. 

Model theory could then be *p died to miniaturize this 
design, p consider tion of importance where space and 
weight aust be minimized. 

The value of the analytic ©pro- oh cannot be 
overestimated. It has been valuable In disclosing the 
importance of hysteresis and eddy-current loss in the 
cores. It has been of assistance In establishing the 
transient behf. vlor of flux blag. But perhaps the most 
beneficial result obtained from the solution of the prob- 
lem on the differential analyzer wa® the appreciation of 
the physical significance of the differential equations 
acquired by watching the relative motion of the shaft® 
which represented the system variables. This intuitive 
feeling for the fundamentals of the circuit would be 
most difficult. If not impossible, to acquire from ex- 
perimental observations alone. Any wriable of interest 
can readily be plotted by the analyser as a function of 
time, end both the transient and steady-state behavior 
siaul taneou sly d e teralned. 

A study of the frequency-response character- 
istics has disclosed that the magnetic amplifier cen be 
characterized by © first-order time cons tent when an 
incremental signal is superimposed upon a direo t-ourrent 
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bias. Although the first-order concept la not original 
with this thesis, it does not appear that the above in- 
formation has yet been used to clarify certain criteria 
that Alexanderson established in 1916 for the gain of the 
Magnetic amplifier. 1 According to Aloxanderaon, the ratio 
of amplification is roughly proportional to the ratio of 
the carrier frequency to the signal frequency. The fre- 
quency response of the Magnetic) amplifier has been sho\m 
to bo flat in the low-frequency range, and subsequently 
to fall off at 6 db/o (Stave In the higher' ranges. The 
critical frequency of the amplifier is inherently low, as 
can be observed from the frequency-response characteristics 
of Chapter III. Hie reeeon Alexander son observed the gain 
to be inversely proportional to the audio frequency can 
be attributed to the fact that the bandwidth of hi* am- 
plifier was very low and that he waa actually operating 
in the cutoff region of the amplitude reeponee where the 
elope is, indeed, inversely proportional to the frequency - 
in other words, In the region where the response falls off 
at 6 d h/octtxve. 

The ai&gnetic amplifier has been used for a num- 

2 3 

bar of years in automatic-control, measuring,' and audio 
systems. 1 The principal limitation of this highly inductive 
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device la It* Inherently narrow b< ndwldth. The future 
value of the amplifier in application* other than direct- 
current Instrument* lies in the success with which b nd- 
wldth can be Increased while etlll maintaining reasonable 
Rain. The use of the magnetic amplifier in *uto»» tic 
control thug far been Halted to medium nd low- speed 

servomechanisms leaving bandwldths In the order of 1 cycle 
1 

per second. ftthin the If st f>’w souths recent develop- 
ment 1ms occurred which indicf-tec that higher bandwldthe 
combined with re&sonable g In on be obt- inod. This event 
was the announcement of a two-stage magnetic audio-amplifier 

having n Jkc. bandwidth, a power gain of about 10 per stage, 

2 

end a 10. Jcc. po^-er supply. The saturable- reactor cores 
used in the design ero made of improved magnetic material. 

The «ttr ctive feature of long life under adverse 
operating conditions enjoyed by the magnetic amplifier has 
be n the raotlv ting force behind recent magnetic nu >llfiar 
development, mid results of this thesis indicate that some 
improvement of bandwidth while retaining reasonable gain 
is possible. Vhere high gain is da -fired and bandwidth ia 
of little consequence, the magasttc amplifier Jus* already 
proved its value. 

Suggestions for Further «ork 

fnlfc thesis has Investigated only the funda- 
mentals of magnetic-amplifier performance, and a great 

1. dodemr nn, h‘.0. , "A Study of the Magnetic Amplifier &s 
a Servo Controller," JC.K. Thesis, (fe.X.i., 19^7)* 

2, Logan. F.W., “Saturable functor and Magnetic Amplifier 
Circuits." K.O.R.L. 1091, Haval Ordnance Laboratory, 
White Osk, Pd. dWJ , 7-20. 
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deal of work yet remains to be done before the potentiali- 
ties are fully exploited and the limitations fully under- 
stood. A thorough Investigation of regenerative ampere- 
turn feedback Is essential to the development of hlgh-galn 
amplifiers. Bandwidth and stability consider tlona of such 
a circuit should be put on t uUf-ntitatlve boats. The per- 
formance of ths foedbi ok varistor- bridge h..s, In the past, 
been a source of trouble since the varistors ire affected 
by changes of voltage, frequency, and particular rly of tem- 
perature. Such fluctuation requite in considerable vnria- 

a 

tion of amplifier sensitivity. ^ The solution of this 
problem would increase the accuracy of magnetic-amplifier 
Instruments. Shock and fatigue studies should be conducted 
to give specific cU- ta on the ability of the magnetic ampli- 
fier to maintain uniform performance over long unin terrup ted 
periods under Reverse oper. ting conditions. The problem of 
nolae appears completely untouched, and Infoi'antion as to 
its importance should prove valuable in establishing per- 
formance limitation©. The B r rKh&u»en effect, or discrete 
reversals of electron ©pins, in somewhat awlogous to the 
shot effect in electronic amplifiers. This and other 
sources of noise should he investigated. Rigorous theoreti- 
cal studies coiild profitably be made taking into account 
core loss. These studies could bo extended to the feedback 
case. The mathematics involved in rigorous analyses is, in 

general, too Involved for practical design engineering, and 
^ — 

1. Geyger, W. , •’hagnetlsch Verstarker fur die Hess und 
Hegel teohn Ik. A k, T, t 62, (19*1-1), 849-IS53. 
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hence, performance criteria should be reduced wherever 
possible to permit linear-system approximations. Further 
extension of familiar amplifier configurations, such as 
the cascaded circuit, balanced clrouit, and push-pull 
circuit, will undoubtedly yield other useful designs. 
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APPENDIX 

SAMPLE DESIGN PHOCEDUKE 



Specifications 

Let us assume that the following specif loo tlons 
for a mgnetio amplifier are given: 

t s nOO ops. 

hW s 40 ops. 

Core type ~ Allegheny v47pO alloy 
of dimensions shown In 
Figure a~4. 

Hie amplifier te to employ the basic circuit, and is to be 
designed to produce maximum gain. The design will be bassd 
on empirical data, developed equations and the information 
of Figure 6-1. 

Plux-Adjuatmant for otatic Linear Operation 

The applied alternating voltage is selected as 
7b volts, ras, and the load resistance Is chosen as 300 ohms 
from Figure 3-B. Hie optimum empirical value of Ug is se- 
lected from Figure J-1Q a* 1200 turn* per core. Tho turn# 
are to be made of No. jSQ Foravar wire which hu© an approxi- 
mate average resistance of O .023 ohms per turn on the chosen 
cores. 

It is desirable to use a large number of Input 
turns in order to increase the gain, since the gain in- 
creases with the square of In accordance with Equation 
2 - 17 , whereas the bandwidth decreases directly with K^. 

The principal limitation on the maximum value of is the 
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available core window-space. For purposes of this design, 
there is ample window space for 8000 turns per core for 
the input windings. Th® winding* are again made of No. 30 
Foravar and the total winding resistance le therefore ap- 
proximately 400 ohms. 

From Equation 3-17 

£ P % = x 5 00 a 22.25 x 10>. 

Design for Pynamio Operation 

The choice of for use in the gain equation 
must be baaed on the desired bandwidth. From Figure 3 - 28 , 
the following conditions are established for a particular 



observation: 








% 


- 


2165 ohms 




aw 


S 


77 ops. 




t 


3 


400 ops. 




Eg 


mm 


75 volts 


rms. 


a 2 


s 


500 ohms 




% 


2 


3600 T. 




Ng 


Si 


1000 T. 




1 1 


3 


20 es& . 




The values of 


Hg 


and Eg for 


this design are identical to the 



above, and hence, need no further consideration. The varia- 
tion of bandwidth with the effective parameters, %, %, Ng, 
and X^, can be selected from Figure 6 - 1 , recalling that hand- 
width is the inverse of the defined characteristic tiae. The 
following equation may then be written: 
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where Is a constant. Substitution of the listed values 

in the above equation permits solution for O^J 

c , _ N x s nr 3600 x 77 

1 ~ % "m 2 ’ ~li s 2165x1000x20* a X 10"' 

The value of the biasing current, 1^, is chosen 
to Insure operation in the linear range. A satisfactory 
value is 10.0 nllllamperee. The biasing current may be 
applied in series with the control circuit. 

It is now possible to solve for ^ from the se- 
lected parameters 

« 1 a 8000 turna 
*2 a 1200 turna 
II a 10.0 m&. 

BW e 4o cpa. 

Gi a 26.65 X 10"2 

The expression for Hi becomes; 

% « H x xBW , 8000x40 ^ 

C^liZ 1 * " 28. 65x10"' x 1200 x 10* 



* 2950 ohm e. 

'The gain equation is now solvable; 

*p = gg-25 x 10 ? Si.?b X 10? 

Ri 2950 

The gain is relatively low, but the bandwidth of 40 ops. is 
excellent for this type amplifier. 



If bandwidth considerations would permit the use 
of 0 minimum input resistance, that is, the resistance of 
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the windings of the input circuit, which we recoil is 
2 X 8000 X 0.02^, or 400 ohms, the gain becomes 

k p . iR^jUS? . ^ . 

Under these condition®, the bandwidth la reduced to 
g*y — 40 x 400 



a 



2950 



r 5-^3 cpa. 



Obviously, further increases in the input turns to entirely 
fill the window space will result in further increases in 
the gain- bandwid tii product. In tills particular design, 
however, provision is siade for the addition of feedback 
winding#.* 



The Addition of Feedback Windings 

Sufficient window apace remains to add regenera- 
tive-feedback windings to equal the windings of the output 
circuit for fully-compensated feedback. The improvement 
in gain with the feedback connection will be of the order 
of at least 100, and if compensation is accurately mad®, 
may be well in excess of this value. A reduction in bond- 
width will undoubtedly occur. The extent of this thesis 
Investigation doe® not permit a prediction to be made a* to 
the extent of this reduction. 
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